Sap flow measurement by McDonald, Allan
SAP FLOW MEASUREMENT 
ALLAN JAMES STUART MCDONALD 
A Thesis Submitted for 
the Degree of Doctor of Philosophy 
to 
The University of Edinburgh 
August 1978 
ABSTRACT OF THESIS 
The measurement of sap flow volume flow rate in an 
economically important species such as Sitka spruce (Picea 
sitchensis) is of current research interest. 	One particularly 
useful measurement is that of volume flow rate, Q, (m 3 sd ), 
in an individual stem. 	However, largely because of typically 
small sap velocities (< lm.hr ) and because of transport 
system disturbance through the insertion of measurement 
transducers, there is as yet no routine method of quantifying 
stem sap flow. 
One appropriate technique which uses 'heat pulsing' in 
the plant stem is described. 	This affords the possibility 
of instantaneously defining a variable sap conducting cross-
sectional area, CA, (m 2 ) in the stem and an associated mean 
heat pulse velocity, TIPV, (m.$). 	The heat pulse velocity, 
HPV, is not however equal to that of sap velocity, u, and 
therefore the heat pulse meter output must be calibrated for 
volume flow rate, Q: 
Q = kCATTPV 
where k is a calibration constant. 
One possible derivation of the calibration constant, k, is 
from independent estimates of volume flow rate, Q, by a 
potometer. 	To this end, a novel, automated potometer is 
described, suitable for use with a large range of stem size. 
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The measurement system is based on the capacitive transduction 
of waterlevel in a potorneter sensing tube. 	The temperature 
dependence of the capacitance signal is compensated for by the 
measurement circuit. 	An experimentally obtained resolution 
of approximately 0.25m1 is quoted for the temperature range 
+ 5
0C to + 300C, although the possibility of a resolution 
appropriate to different volume flow rates is discussed. 
A successful calibration of the heat pulse meter for 
volume flow rate is made. 	Further investigation is necessary 
into: 
the nature of the sap velocity profile 
the stability of the calibration constant, k c 
the water relations of potometer plants. 
DECLARATION 
This thesis has been composed by myself and its content 
has not been submitted for any other degree or publication. 
The work of which it is a record has been carried out by 
myself except where specific reference has been made to 
other authors. 
iv 
A James S McDonald 
AC 1OWLE DGEMENTS 
In submitting this thesis, I wish to acknowledge the 
contribution of all technical, administrative and academic 
staff at the Department of Electrical Engineering, University 
of Edinburgh, who have given willing support throughout. 	In 
particular, I wish to thank Mr A Folkarde for the production 
of printed circuit boards of the capacitance measurement 
circuit (Section 4.3); Mrs L Halstead for her efficient typing 
of the thesis script. 
In addition, I wish to thank the following persons, 
outwith the above Department 	Mr F Wood (Napier College) 
for the construction of power supplies and pulse modulator 
'% 	fly. fi 	 fly.4-n,,.r6+ f¼4 	 r.y.i+VSI .ri,l .,j ; 
 
6.1$ 	 LI 	VII $ I 6.. 6.66 ¼.. Li ¼A 	 Lit. J6AI bill ¼.. 66 ¼. I.) I 	
I ¼/I  
Natural Resources, University of Edinburgh, for his helpful 
discussions concerning plant water relations; Dr R Mime, 
Institute of Terrestrial Ecology, for his helpful discussions 
concerning measurement problems; Dr J Roberts, Institute of 
Hydrology, for his communications concerning potometer plants; 
all glasshouse and laboratory staff at the Unit of Tree Biology, 
Penicuik, for their ready and efficient help with experimental 
work (Chapter 5); Mr G Sydserff for his help with the collection 
of experimental data (Section 5.4); Dr J Grace, Department of 
Forestry and Natural Resources, University of Edinburgh, for his 
practical interest in. the automated potometer (Chapter 4) and for 
V 
making available controlled environment facilities; Mr H Macleod, 
vi 
Department of Psychology, University of Edinburgh, for his 
practical interest in using the capacitance measuring circuit 
(Chapter 4) in studies of animal feeding behaviour; also for his 
help with computational problems; Mrs C McDonald for typing the 
final thesis draft; Mr P S McDonald for translation of German 
typescri pts. 
I wish also to thank the Science Research Council for 
personal and project funding, as well as all family and friends 
for their generous and thoughtful support. 
Finally, I wish to acknowledge the invaluable support of my 
project supervisors, Dr E D Ford, Institute of Terrestrial 
Ecology and Dr J R Jordan, Department of Electrical Engineering, 
University of Edinburgh, from whose unfailing enthusiasm, 
perseverance and timely encouragement, I have greatly benefitted. 
CONTENTS 
Page no. 
Abstract of thesis 	 ii 
Declaration 	 iv 
Acknowledgments 	 v 
Contents 	 vii 
CHAPTER 1 	INTRODUCTORY CHAPTER 
Abstract 	 1 
1.1 	Introduction 	 2 
1.2 	Plant Water Relations and Sap Flow 
Measurement 	 5 
1.2.1 	The Soil-Plant-Atmosphere Continuum 	 5 
1.2.2 	Xylem Water Potentials 	 6 
1.2.3 	Plant Pathway Resistance 	 10 
1.2.4 	Water Storage 	 14 
1.3 	Summary Statement of Water Flow in Sitka 
Spruce 	 15 
1.4 	Summary of Thesis Content 	 18 
CHAPTER 2 REVIEW OF SAP FLOW MEASUREMENT; A SAP FLOW 
MEASUREMENT SYSTEM FOR SITKA SPRUCE 
Abstract 	 19 
2.1 	Introduction 	 20 
2.2 	Measurements External to the Plant Stem 	21 
2.3 	Sap Flow Measurement in Plant Stems 	 26 
2.3.1 	Introducti:on 	 26 
2.3.2 	Heat Transfer Systems 	 27 
vii 
Viii 
2.3.3 	The Use of Radioisotope Tracers 	 49 
2.3.4 	A Magnetohydrodynamic Method 	 52 
2.3.5 	A Hydrokinetic Approach 	 53 
2.3.6 	The Measurement of Electric Potential 
Gradients in the Plant Stem 	 55 
2.4 	The Measurement of Sap Volume Flow Rate in 
Sitka Spruce 	 57 
CHAPTER 3 A HEAT PULSE METER 
Abstract 	 68 
3.1 	Introduction 	 69 
3.2 	Heat Supply 	 71 
3.3 	Heat Detection 	 72 
CHAPTER 4 AN AUTOMATED POTOMETER 
Abstract 	 74 
4.1 	Introduction 	 75 
4.2 	Capacitive Transduction of Meniscus Position 	76 
4.3 	Capacitance Measuring System 	 86 
4.4 	Refilling the Potometer Tube 	 91 
4.5 	Discussion of Measurement System 	 93 
4.5.1 	Choice of Transducer 	 93 
4.5.2 	Implementing the Measurement System 	 95 
CHAPTER 5 CALIBRATION OF A SAP FLOWMETER FOR VOLUME FLOW 
RATE FROM POTOMETER DATA 
Abstract 	 105 
5.1 	Introduction 	 106 
5.2 	Some Theoretical Aspects of Potometer Plants 107 
ix 
5.3 Calibration of a Heat Transfer Meter for Volume 
Rate from Potometer Data 114 
5.3.1 Method 114 
5.3.2 Results 117 
5.3.3 Discussion 117 
5.4 Experimental 	Comparison of Transpiration Rates 
in Potometer Shoots and Whole Plants 124 
5.4.1 Method 124 
5.4.2 Results 126 
5.4.3 Discussion 126 
5.5 The Validity of Potometer Data in Calibration 
Studies 133 





















REFERENCES 	 163 
I 
CHAPTER 1: 	INTRODUCTORY CHAPTER 
Abstract: 	The measurement of sap flow in Sitka spruce (Picea 
sitchensis) is of current research interest. 
Measurement problems relate to an inherently 
variable flow pathway in the plant stem, a 
typically small stem sap velocity and a 
disruption of the soil-plant-atmosphere 
continuum by measurement transducers. 
1.1 	INTRODUCTION 
In vascular plants, the main movement of water from root to 
leaves through the plant body, constituting the transpiration 
stream, is confined to xylem tissue, (Zimmermann and Brown, 1971). 
Xylem water is often equated with xylem sap and, although this 
terminology is neither physically or chemically accurate, (Roshchina, 
1973), the synonymous usage of water and sap is adopted here. 
Thus, within the context of this thesis, sap flow measurement is 
equated with measurement of water flow in xylem tissue. 
That the availability of water is essential to both plant 
survival and growth, is apparent from even the briefest surveillance 
of water involvement in plant structure, processes and metabolism. 
Each of these functional ratpcinriec rnmnricec a ntimhr nf nhvcical 
and chemical phenomena which reflect the unique attributes of the 
water molecule. 	Indeed, plant life arguably constitutes a 
simultaneous expression of many such phenomena. 	For example, 
water is an essential source of protons in photosynthesis. 	It 
also transports and translocates essential ions and compounds 
to and from the photosynthetic site. 	However, for the light 
reaction of photosynthesis to take place, the plant body is 
exposed to a potentially lethal radiation load. 	That this is 
rendered harmless to the plant is due to the high specific heat 
of water, enabling large amounts of radiation to be absorbed by 
the plant with appropriately small temperature rises. 	Moreover, 
the high latent heat of evaporation of water effects a cooling 
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of the plant body as water evaporates from its surface. 	In 
this context, the transpiration system in vascular plants has 
been identified, (Osterle and McGowan, 1973), with the heat pipe 
function of transferring large amounts of heat energy with a 
small temperature differential. 
It is largely this latter, transpirational aspect which has 
given rise to interest in sap flow measurement. 	The interest is 
partly academic, where the outstanding data omissions for 
developing models of plant water relations are those on sap flux. 
There is also a considerable economic interest in quantifying 
sap flux, where water is a limited resource to be shared amongst 
a number of potential users. 	Indeed, proposed levies on plant 
water usage already exist (HMSO publication, 1972). 	The 
question is simple, "How much water do plants use?". 	The answer 
however, has proved exceedingly elusive and, to date, there is no 
reliable, routine method of measuring water flux through the plant 
body. 	This does not necessarily reflect a lack of effort in 
this direction, where, particularly with respect to economically 
important species, the effort has been substantial. 
One such economically important species is Sitka spruce 
(Picea sitchensis) of which much is already known concerning 
its water relations (Hellkvist, Richards and Jarvis, 1974; 
Grace, Malcolm and Bradbury, 1975; Neilson and Jarvis, 1975; 
Watts, Neilson and Jarvis, 1976; Jarvis, 1976; Milne, 1978; 
Ford and Deans, 1978). 	The availability of reliable flux 
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information, in conjunction with currently available growth 
parameter data would enhance the modelling of total water 
relations in this species. 	This has encouraging implications 
for the eventual optimisation of crop (wood) production. 
Sitka spruce was thus considered to be an appropriate subject 
for an investigation into sap flow measurement, (Ford and Jordan, 
personal communication). 
The general specification of any sap flux monitor is that 
it should not affect the magnitude of flux being measured and 
that it should also be non-destructive to plant tissue. 	It is 
these twin aspects of system disturbance, in conjunction with 
signal detection problems, which have prevented the development 
of a practical sap flux meter. 
To appreciate the implications of system disturbance with 
respect to possible measurement systems, it is first necessary 
to appreciate the nature of water flux through the plant body. 
To this end, concise accounts of relevant transport phenomena 
follow (Section 1.2) and the concepts are then summarised with 
respect to Sitka spruce (Section 1.3). 	The chapter concludes, 
(Section 1.4) with a summary of work undertaken towards the 
thesis and a summary breakdown of subsequent chapter contents. 
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1.2 PLANT WATER RELATIONS AND SAP FLOW MEASUREMENT 
1.2.1 The Soil-Plant-Atmosphere Continuum 
The water body of a plant is often conceived as being part 
of a much larger water system, namely the 'soil-plant-atmosphere 
continuum' (SPAC), (Philip,1966). Liquid water typically enters 
the plant root system from the soil and passes through the plant 
body as xylem sap. It is then lost as water vapour to the 
atmosphere, largely via the stomata of the leaf surface. 	For 
such transpirational flow to occur, the water body of the plant 
must be physically continuous with both that of the soil and 
atmospheric phase. 
This movement of water in the SPAC is in response to energy 
gradients, ie, water in either liquid or vapour phase will flow 
from any point within the SPAC to sites of lower energy level. 
The import of the SPAC concept lies in its emphasis on the 
interdependence of sap flux at any site and the prevailing energy 
gradients throughout the continuum. 	This means that water flux 
through the plant body is dependent on both soil and atmospheric 
water energy levels. 	Disturbance of either soil or atmospheric 
energy gradients will thus affect the flux in the plant body. 
Because of the continuity of flux within the SPAC, it is 
often desirable to express the continuum 'driving variable' in 
the same units for each of the soil, plant and atmospheric domains. 
This is achieved by defining a water potential term, i , which 
is derived from the chemical potential of water. 	Water potential, 
is defined (Meidner and Sheriff, 1976), as the difference in 
chemical potential of water in the system and that of pure free 
water at the same temperature. 	It is therefore a measure of 
the internal energy of water at any point within the system and 
is measured in the unit of bar. 
1.2.2 Xylem Water Potentials 
In the plant body, water potential,ip, is a composite 
term (Taylor, 1968) 
hj)to t a l 	"p + 
	+ 1) 	 ... 1.1 m 	it 
where 	total = total water potential 
App = pressure potential 
m = matric potential 
= solute potential 
At any site within the plant body any one of these factors may 
predominate. 	Typically, the water potential gradient effects 
an upward movement of water from root to shoot, constituting the 
transpiration stream. 	However, in some instances, the gradient 
may be reversed. 	For example, this may happen during 
precipitation when water moves from the wet leaf surface along 
gradients of water potential in the shoot xylem (Daum, 1967). 
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The (vertical) transport of water in the xylem is along 
gradients of pressure potential, 	(Taylor, 1968). 	This 
xylem flux is continuous with both that of the soil and 
atmospheric domains where the interphase is the liquid layer 
of root surface and substomatal cavity respectively. 	Here, 
the derivation of water potential,iP, is complex, with all three 
water potential,iP, factors (eqn 1.1) present. 	However, it is 
the pressure potential, 	term of plant xylem which proves of 
most significance to the measurement of sap flow in the plant 
body and which is therefore discussed here. 
Pressure potentials, when negative, represent tensions. 
A tension of approximately 0.1 bar m 	due to the weight of the 
water body is always present as a component of the total vertical 
pressure potential difference across the plant system (Taylor, 1968). 
This means, for example, that the xylem pressure potential at the 
top of a 10 n high tree will be less than approximately -1 bar. 
This tension will exist even when transpiration is not occurring. 
When there is no water movement in response to the water 
potential gradient, the tension is referred to as one of static 
pressure potential, due to a gravitational potential 
lPg = pgh 	 ... 1.2 
where p = density of water 
g = acceleration of gravity 
h = vertical distance between references and point in 
question 
Because there is a hydraulic resistance to flow within the 
plant body, pressure potential, 	is reduced in the xylem 
tissue whose water is continuous with that of the sub-stomatal 
cavity, with the onset of evaporation from the leaf surface; 
the remaining water is held under increased tension. 	This will 
cause water to flow upwards through the plant from sites of higher 
water potential. 	Where both the pathway resistance and 
evaporative flux are large, low values of water potential may 
be generated in the shoot system, (eg, water potentials of -15 bar 
or lower have been measured in the upper canopy of Sitka spruce, 
Hellkvist, Richards and Jarvis, 1975). 	Excessive xylem tensions 
may result in the phenomenon of 'cavitation' with the 
possibility of subsequent rehydration, (Byrne, Begg and Hansen, 
1976). 
Under conditions of extremely low evaporative loss but 
continued uptake by the root system, positive values of pressure 
potential, i 1, , (hydrostatic pressures), may develop in the xylem. 
This is due to a continued osmotic uptake of water across the 
plant root tissue, which raises the plant water column. 	This 
phenomenon, which is referred to as 'root pressure' will continue 
to raise the water body until such time as the developing hydrostatic 
pressure in the xylem is equal to the difference between osmotic 
potentials of xylem sap and soil solution. 	Where this 
equilibrium state is not achieved, water will enter the plant 
via its root system and be extruded in the liquid phase via 
hydathodes in the leaves. 	This latter phenomenon is referred 
to as 'guttation'. 	With the onset of transpiration, guttation 
ceases, the hydrostatic pressure will decrease to zero and xylem 
tensions will be generated as described above. 
In discussing the movement of water through the plant body 
along gradients of water potential, it is assumed that the sap 
body is capable of withstanding substantial tensions. 	This has 
in fact been demonstrated by a number of workers (eg, Oertli, 
1971). 	Alternative mechanisms have been suggested by other 
workers, (Plumb and Bridgeman, 1972; Fensom, 1957). 	For 
example, Fensom has demonstrated the existence of electric potential 
gradients in the plant body in support of an 'electrokinetic' 
theory of water transport. 	However, although the significance 
of alternative or complementary transport phenomena may be largely 
unknown, water potential theory accommodates much experimental 
observation and is thus followed in this thesis. 
The signficance of xylem water potential gradients to the 
measurement of sap flow, is that any intrusion of the xylem 
body by measurement transducers may disrupt the prevailing tensions 
and hence the magnitude of sap flux. 	Significantly in this 
context, there is evidence (Gregory and Petty, 1973), that 
bordered pits in conifer xylem may prevent gas embolisms from 
ascending the (damaged) plant stem. 	Thus a very localised 
change in xylem tension might be assumed. 	However, there is 
considerable evidence (eg, Swanson, 1974, a) for a drying of the 
wood-water matrix at several centimeters distance from the 
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intrusion site, in conifer stem xylem. 	The only prediction 
that seems valid then, concerning the extent of xylem water 
potential disruption on the insertion of transducers, is that 
it may be both large and variable. 
1.2.3 Plant Pathway Resistance 
The dependence of evaporative loss on environmental 
variables may be expressed by the Penman-Monteith equation 
(Appendix I 	), (Jarvis, 1974). 	This equation predicts that 
for conditions of full canopy closure and an unlimited supply 
of water, the rate of evaporation per unit stand area, 
E(m _1), should be similar for different crop species in the 
one environment. 	Consequently, in a stand with full canopy 
closure, volume flow rate, Q, (m 
3 s_ I ) through an individual 
stem, depends upon the stand density, ie, the number, n, of 
stems per unit stand area. 	The larger the stem density, the 
smaller the volume flow rate, Q, through each stem 
Q = Em 
	
1.3 
Volume flow rate, Q, is proportional to the total water potential 
drop across the plant body and inversely proportional to the plant 
hydraulic resistance 




	= water potential of the liquid phase adjacent 
to the substomatal cavity (bar) 
= root water potential (bar) 
R 	
= the total hydraulic resistance of the plant 
-3 
_(bar s in ). 
The typical range of leaf water potential, i1, is in fact 
quite constant for different plant species and sizes 
(-5 	-25; Jarvis, 1974). 	Therefore, large plants must 
have a smaller resistance, Rt,  to axial flow than do smaller 
ones, thereby maintaining the relative constancy in evaporative 
flux, E, (eqn 1.3). 
In both shoot and root systems, this reduction in total 
plant resistance, Rt,  is achieved by a parallel branching and 
secondary growth of vascular tissue in larger plants (Figure 1.1; 
Jarvis, 1974). 	Significantly, there is evidénce (Grier and 
Waring, 1975) that the permeable stern sapwood area in conifers 
is a linear function of leaf biomass. 
The significance of this inverse relationship between 
plant resistance, Rt, and volume flow rate, Q, is that the 
increased conducting area of xylem tissue should afford a 
proportionate increase in volume flow rate, Q, without an increase 
in sap velocity. 	This means that the range of sap velocity in 
any species will be similar for both large and small plants. 
From Table 1.1 it seems likely that maximum sap velocity is of the 









a 	 q 
Figure 1.1 	Relationship Between Volume Flow Rate, Q, and Pathway Resistance, Rt, (After Jarvis, 1974). 
Symbols = 	Leaf and Soil Water Potentials; A1 b 	
= Leaf, Branch and Stem Conducting 
Area; q = Unit Volume Flow 
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coniferous species. 	Thus the conclusion is reached, that the 
range of sap velocity in different coniferous species and stern 
sizes is likely to be similar and that maximum sap velocity is 
small. 
Morphological change such as branching and increased 
sapwood area (Figure 1.1) constitutes a largely irreversible 
change in pathway resistance to water flow. 	There are however, 
different sites in the plant body at which short term 
reversible changes in pathway resistance are effected. 	For 
example, Weatherly (1976) discusses the phenomenon of a 
variable stem resistance. 	At present however, the nature of 
such change is poorly appreciated and in some instances 
resistance data are contradictory in their implication. 
The greatest and most variable site of resistance to flow 
in the plant body however, is that of the stomata in the leaf 
surface. Here, a variable stomatal aperture constitutes a 
variable diffusive resistance to vapour flux. 	Stomatal 
aperture is a function of a number of interacting factors 
(Meidner & Sheriff, 1976), light, carbon dioxide concentration, 
temperature, wind, leaf water content and atmospheric moisture 
content being the most important. 
	In addition, stomatal aperture 
is subject to an endogenous rhythm. 
In essence, the total vapour flux from a plant body is 
largely a function of stoniatal aperture. 	The internal 
and 
resistances to the flow of vapour1iquid water effect gradients 
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water potential in the flow pathway. 
1.2.4 	Water Storage 
Two flow pathways in the plant body may be identified: 
a primary pathway which constitutes the main 
axial flowpath. 
a parallel, secondary storage network. 
The magnitude of this storage component varies with plant 
size and species, where its effect is to delay the propagation 
of changes in water potential, 'P, in the flow pathway. 	For 
example, Richards (1973) has observed delays of a few hours in 
the propagation of changes in water potential along stems of 
Sitka spruce. 
Implication for sap flow measurement is that the 
instantaneous value of volume flow rate, at some point distant 
from the evaporative site, is not necessarily equal to the 
simultaneous transpiration loss from the plant. 	Only under 
conditions of steady state flow, where the equivalent time 
constant of the plant has been exceded, will the two be the 
same. 
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1.3 SUMMARY STATEMENT OF WATER FLOW IN SITKA SPRUCE 
Water transport in Sitka spruce is via the tracheids of the 
stem sapwood (Figure 1.2). 	The following statements define 
orders of magnitude for velocity and volume flow rate, pertinent 
to the measurement of sap flow in a Sitka spruce stem: 
(1) 	sap velocity in Sitka spruce is unlikely to exceed 
lm hr 	(2.7 x 10 4ms
1 ). 	Although there is no publication 
with regard to sap velocity in Sitka spruce itself, the above 
Value seems likely from a consideration of the data on Norway 
spruce (Picea abies; Table 1.1) and from the studies on 
Engelmann spruce (Picea engelmannii) by Mark and Crews (1973). 
(ii) 	Hellkvist, Richards and Jarvis (1974) have 
calculated volume flow rate in individual Sitka spruce trees, 
from determinations of latent heat flux and stand density. 
It is suggested here, that their value of 2 x 10 7m3s(<l lhr) 
in a lOm high tree, is indicative of the larger flow values 
likely to be encountered in a plant of this size. 
Thus, a useful working reference is that in a Sitka spruce 
tree, lOm high, stem sap velocity is typically less than lm hr 







Figure 1.2 	Transverse Section of Schematic Tree Stem. 
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SPECIES FLOW RATE METHOD 
(m/hr) 
Abies pectinata 0.60 Dye 
Larix decidua 2.:40 
U 
Pinus radiata 0.15 'S 
Pinus sylvestris 1.20 
Pseudolarix kaempferi 0.78 
Pinus taeda 1.42 Radioisotope 
Abies alba 0.73 Heat-pulse 
Juniperus deppeana 0.25 
U 
Juniperus osteosperma 0.25 I' 
Larix decidua 1.00 
11 	11 
Larix decidua 2.80 
" 
Picea abies 0.13 I' 
Picea abies 1.19 
11 	 If 
Picea abies 1.20 
'I 
Finus halepensis 0.15 
It 
Pinus halepensis 0.40 
" 
Pinus radiata 3.14 
" 	 'I 
Pinus strobus 1.70 
Pinus sylvestris 0.93 
II 	 It 
Pinus sylvestris 1.19 
H 	'I 
Tsuga canadensis 2.10 
H 	0 
Table 1.1 	Summary of Maximum Linear Xylem Sap Flow Rates 
Reported by Various Authors for Coniferous 
Species (after Bolton, 1976) 
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1.4 	SUMMARY OF THESIS CONTENT 
A review of sap flow measurement systems is made in Chapter 
2 and a system, appropriate to the measurement of volume flow 
rate in individual Sitka spruce stems, is decided upon. 
Chapter 3 describes a heat pulse meter hich might be used 
in defining the sap velocity profile in a tree stem. 
An automated potometer, suitable for calibrating the heat 
pulse meter output in terms of volume flow rate, is described 
in Chapter 4. 
The calibration technique is demonstrated in Chapter 5 
and a critical assessment of the measurement system is made. 
In Chapter 6, the contribution of the thesis to sap flow 
measurement is assessed and the possible development of its 
content discussed. 
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CHAPTER 2: 	REVIEW OF SAP FLOW MEASUREMENT; A SAP 
FLOW MEASUREMENT SYSTEM FOR SITKA SPRUCE. 
Abstract: 	Sap flow measurement in Sitka spruce is discussed 
with respect to an ideal remit. Measurement 
systems other than those pertaining to the plant stem 
are largely unsuitable. 	Of all flow measurement 
systems in the plant stem, those pertaining to 'heat 
pulsing' are most relevant. 	One such system, which 
affords the possibility of instantaneous definition 
of a variable sap velocity profile in the stem, is 
appropriate to Sitka spruce. 	The use of an 
automated potometer in calibrating other non-
destructivp mters for voltne flow rate, is 
suggested. 
2.1 	INTRODUCTION 
The occurrence and mechanism of sap flow have been 
outlined in the preceeding introductory chapter. 	A general 
review of published sap flow measurement systems is now 
given. 	These may usefully be categorised 
Measurements external to the plant stem 
(Section 2.2); 
Sap flow measurement in plant stems (Section 2.3). 
in reviewing the applicability of different sap flow 
measurement systems to a particular plant species, it is 
appropriate to define an ideal measure of sap flow. 	This 
is done for Sitka spruce at the start of Section 2.4 and the 
remainder of this section is devoted to a critical choice of 
sap flow measurement system for Sitka spruce. 
20 
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2.2 MEASUREMENTS EXTERNAL TO THE PLANT STEM 
Estimates of total water loss from plant crops may be 
made in various ways. 	Hydrological studies derive evaporative 
loss as a residual term (Rutter, 1968) 
E = P+AS - R 	 ... 2.1 
where, on an area basis 
E = the evaporative loss 
P = the precipitation input 
AS = the change in stored soil water 
R = the run-off component 
Micrometeorological methods may also be employed, 
where vapour flux away from the upper surface of the vegetation 
is calculated. 	This may involve a mass transport method in 
which vertical gradients of wind speed and humidity are measured. 
Alternatively, an energy balance method may be employed in 
which vertical gradients of temperature and humidity are 
monitored. 	The partitioning of available energy between 
heat flux and vapour flux is then calculated. 	In this 
context, the use of a 'fluxatron' (Dyer, Hicks and King, 1967) 
may provide relevant data. 	Milne, (personal communication) 
describes the use of such a fluxatron in determining water 
loss from a Sitka spruce stand. 	The derivation of a latent 
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heat flux term, ELK,  (Wm 2 ) , assumes a simplified equation 
for the energy balance of a forest 
ELH = R - G - H 	 ... 2.2 
where R 	= net radiation flux to the forest 
G = heat flux into the soil 
H = sensible heat flux from the forest 
An alternative to both hydrological and meteorological 
approaches is that of lysimetry, in which a soil and its 
root system are established on a balance. 	Typically, the 
soil-root system is sealed from the environment and successive 
weighings yield data on transpiration rate. 	This technique 
has been applied extensively in small plant studies but large 
scale lysimeters, accommodating large forest trees have also 
been established (eg, Patric, 1961). 	A precision lysimeter 
for direct measurement of evaporative flux is described by 
van Bavel and Reginato (1965). 
Another instrument which continues to find wide 
applicability in plant water studies is the potometer (eg, 
So, Aylmore and Quirk, 1976). 	This instrument measures 
water volume uptake by an (excised) shoot system (Figure 2.1). 





Figure 2.1 	Standard Potor1eter Assembly. 
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position in a calibrated tube from which water is withdrawn 
by the plant. 	The water column in the tube is periodically 
replenished from a reservoir. 	Large scale potometers for 
whole tree crowns have been utilised (Roberts, 1976). 
An alternative estimate of small shoot transpiration can 
be made by cutting a re -ve shoot from the plant 
body, determining its fresh weight immediately and again after 
a period of time. 	This technique is referred to as the 'quick- 
weighing' method and has been used extensively (Rutter, 1968). 
The validity of the technique depends on the time response of 
stomatal closure after excision. 	This varies for different 
species and environmental conditions and determines the 
maximum time lapse between successive weighings (Rutter, 1966). 
Direct estimates of transpiration loss from single trees 
have also been made by enclosing the entire shoot system in a 
'transpiration tent' (Decker, Gaylor and Cole, 1962). 	Schultze 
(1966) describes a smaller chamber suitable for enclosing small 
shoots or individual leaves. 	In both instances, increase in the 
moisture content of circulated air is monitored. 	More recently, 
the in situ measurement of stomatal conductance has been made 
possible through the use of porometers. 	Beardsell, Jarvis and 
Davidson (1972) describe a null-balance porometer in which the 
resistance of the leaf and boundary layer is a unique function 
of the inflow of dry air to the porometer chamber. Under 
25 
isothermal conditions in the porometer chamber: 
100 	A 	 -1 	 23 r - 	 ... s.m 
where r = the resistance of stomatal, boundary layer 
and porometer chamber components (sm) 
A 	the outline area of one surface of the 
leaves (m 2 ) 
f = the outflow of air at the balance humidity 
(m3s) 
RH = the relative humidity in the porometer 
chamber at the point of balance. 
Then, derived stomatal conductance values may be fitted to the 
Penman-Monteith Equation (Appendix 1). 
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2.3 	SAP FLOW MEASUREMENT IN PLANT STEMS 
2.3.1 Introduction 
The plant stem is a 
monitoring sap flow, since 
water used by the plant in 
storage, must pass through 
sap volume flow through th 
usage by the plant. 
particularly useful site for 
by far the greatest part of that 
transpiration, photosynthesis and 
the stem. 	Over a period of time, 
stem will equal total water 
Most proposed monitors of sap flow in the plant stem 
measure sap velocity as opposed to volume flow rate directly. 
However, velocity measurements alone are of limited practical 
value, although numerous field investigations have been made 
which relate sap velocity to environmental parameters (eg, 
Decker and Skau, 1963; Gale and Poljakoff-Mayber, 1964; 
Ittnér, 1968; Swanson, 1967, 1971; Lassoie, Scott and 
Fritschen, 1977). 	Velocity data are thus more usefully 
calibrated for volume flow rate. 
The earliest determinations of sap velocity in the plant 
stem involved the injection of dyes into the plant xylem and 
their subsequent detection in the sap stream. 	This is an 
entirely destructive approach in which the rate of dye transport 
is determined some time after injection, from section cutting of 
the plant stem. 	Its only recent usage (Kozlowski, Leyton and 
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Hughes, 1965; Rudinsky and Vite, 1959; Werner, 1971; 
Waisel, Liphschitz and Kuller, 1972) has been in defining the 
pathway of water movement, although there is some debate over 
the interpretation of such results (Charles, 1953; Talboys, 
1955; Kozlowski, Leyton and Hughes, 1965). 	More recent 
research effort into sap flow measurement in the plant stem 
has been related to five techniques. These comprise 
heat transfer studies; 
the use of radioactive tracers; 
a magnetohydrodynamic method; 
a 'hydrokinetic' approach; 
the measurement of electric potential gradients 
in the plant stem. 
2.3.2 Heat Transfer Systems 
The earliest publication of heat transfer studies in 
the plant stem appears to be that of Huber (1932, quoted in 
Marshall, 1958), in which a short, localised heat pulse was 
introduced to the sap stream via an external heating element. 
The time variation of this heat pulse was detected at a point 
downstream of the heater. 	This technique was later modified 
(Huber and Schmidt, 1937, quoted in Marshall, 1958), to 
distinguish between conductive and convective heat transfer. 
Their 'compensation' method involved measuring the time course 
of temperature difference between an upstream and a downstream 
mi 
LIMM 
point, equidistant from the heat source. 	The basic ideas 
of Huber et al have been applied by a number of workers, many 
of whom have been listed by Leyton (1970) and by Rutter (1968). 
However, not until Marshall (1958) modelled the passage 
of heat flow in a woody stern, was it appreciated that the 
measured heat pulse velocity is not identical with sap velocity. 
Marshall derived a heat pulse velocity term for a wet wood 
medium perforated by many small pores in which sap moves at 
constant velocity : 
HPV = aup5 C 5 (pC 	 ... 2.4 
where HPV = velocity of instantaneous heat pulse moving 
by conduction and convection in the direction 
of sap flow (ms- I ) 
a = fraction of unit cross-sectional area of 
sapwood occupied by moving sap streams 
u = sap velocity (ms- 1 ) 
PS = density of sap 
CS = specific heat of sap 
p = density of wet wood 
C = specific heat of wet wood 
In fact, Marshall calculated that heat pulse velocity 
underestimates sap velocity in conifers by a factor of three. 
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Inspection of eqn 2.4 shows that sap flux, au, may be 
calculated directly from a measured heat pulse velocity, HPV, 
where relevant density and specific heat parameters are known. 
Total volume flow rate may then be calculated if the total 
area of conducting sapwood in the stem section is known and 
if a homogeneity of sap flux across the stem can be assumed. 
Unfortunately the derivation of a volume flow rate term has 
proved unsatisfactory. 	For example, Doley and Grieve (1966) 
found a linear relationship between heat pulse velocity and 
uptake of water through the cut base of a eucalypt stem, as 
indicated by a potometer. 	However, deriving a volume flow 	rate 
term from Marshall's model (eqn 2.4), underestimated their 
potometer measurement by fifty per cent. 
The discrepancy, however, is not surprising, since both 
density, p, and specific heat, C, terms of eqn 2.4 are largely 
dependent on the moisture content of 'wet wood'. 	This has 	been 
shown to be a variable quantity, presumably affected by water 
moving into and out of storage in the stem. 	Moreover, the 
total area of conducting sapwood may vary, and a homogeneity 
of sap flux across the conducting body is most unlikely (Mark 
and Crews, 1973; Swanson, 1974). 
In his analysis of heat transfer in the model stem, 
Marshall (1958) derives an expresssion for the temperature at 
a downstream point of the heater, after an instantaneous release 
of heat. 	The model assumes the wood-water matrix to be at 
thermal equilibrium before the release of heat. 
Then 
I = [(41rkt)T] exp -[[(x - HPV.t) 2 + Y2 ]. . (4kt)] 
2.5 
where I = temperature at time, t (t 	0), ( °C) 
k = thermal diffusivity of wood-water matrix 
t = time of measurement, (t 	0), (s) 
TC = temperature to which the amount of heat 
liberated per unit length of line heater 
would raise unit volume of the wood-water 
matrix ( °C) 
HPV = heat pulse velocity (ms) 
x,y = points on the x,y plane with sap flow parallel 
to the x-axis (m) 
From eqn 2.5 Marshall derived formulae which enable heat 
pulse velocity, HPV, and thermal diffusivity, k, to be 
determined in terms of the relative temperature rises at 
known times. 	Thus, from a consideration of the time course 
of temperature at one point Marshall predicted a sap flux 
term. 	However, largely because of the lack of homogeneity in 
sap flux across the stem section and because of the difficulty 
in defining the stem sap conducting cross-sectional area, 
Marshall's technique has not provided a routine means of 
monitoring sap flow. 
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The most significant development of Marshall's work, has 
been the solution of heat pulse velocity, HPV, from concurrent 
measurement at two points distant from the heat source. 	This 
has been investigated by both Leyton et al (1970), who 
modified the system of Closs (1958), and by Swanson (1974, a) 
for different heat transfer events. 	In particu-lar, the 
derived algorithm for HPV which Swanson has pursued, is 
readily implemented in sap flow measurement systems. 
Starting with Marshall's equation (eqn 2.5), for the 
temperature, T, at a point, x, downstream of the heater, Swanson 
writes a second, similar eqi iation for the temperature, T' 
at an upstream point, x' 
	
Simultaneous solution for heat 
pulse velocity, HPV, at the time, t D when T = T', (t 
gives 
HPV = (x - x')(2t0 	 2.6 
(where the 'y' component of eqn 2.5 is assumed to be zero by 
making all measurements in the y = 0 plane). 	This is a 
particularly encouraging result, since, assuming a homogeneity 
in the wood-water matrix about the two measurement points, 
X, X', the derived heat pulse velocity, HPV, term is independent 
of variations in thermal diffusivity, k, of the matrix as a 
whole. 
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In an attempt to quantify total volume flow rate from his 
heat pulse velocity data, Swanson disrupts the localised flow 
pattern within the stem by inserting a line heater with an 
array of thermal detectors along a stem radius. 	Where such 
disruption does not invalidate the measurement, Swanson has 
proposed a method of deriving volume flow rates from HPV data. 
His approach assumes firstly that there exists an approximate 
parabolic velocity distribution in the water conducting cross 
section of the stem and secondly, that such a parabolic 
distribution may be readily defined. 	The parabolic assumption 
is not in fact unreasonable, Swanson (1974,b) and other workers 
(Mark and Crews, 1973) finding considerable evidence in support 
'of it. 
To define a parabolic velocity profile, it is necessary to 
derive the equation for a parabola through two measurement 
points (D 1 , HPV 1 ), (D 2 , HPV 2 ) and through the origin, where the 
heat pulse velocity is assumed to be zero and where the solution 
time, tD,  of eqn 2.6 approaches an infinite value. 	Swanson 
(1974,b) lists the equations for the shape factor, a, peak 
heat pulse velocity, PHPV, and depth, D. at which the peak 
occurs, (see Figure 2.2) 
= -0.50(2HPV 1 - HPV 2 1 	... 2.7 
DP  = 1 - a . HPV 2 	 ... 2.8 
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Figure 2.2 	Definition of Parabolic Parameters in Stem Section, 
(Equations 2.7, 2.8 and 2.9; Section 2.3.2). 
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Average heat pulse velocity (HPV)is then defined 
HPV = 	. PHPV 	 ... 2.10 
3 .1 
where (PHPV) is the average of a number of concurrent peak 
heat pulse velocity determinations around the stem section. 
(Where a radial symmetry in the velocity profile exists, the 
average heat pulse velocity, HPV, eqn 2.10, may be calculated 
from the one peak heat pulse velocity, PHPV, determination.) 
The area (CA) of wood-water matrix involved in heat transfer 
is then approximated by 
CA = 27D(D - 2D) 	 ... 2.11 
where D is the diameter of the xylem body. 	An expression for 
volume flow rate, Q, may then be defined 
Q 	= 	
kc • CA . .ij-1;-- 	 ... 2.12 
where k c is a calibration constant. 
Swanson rightly acknowledges a number of possible error 
sources associated with his method. 	Firstly, a lack of radial 
symmetry in the velocity profile (and hence in both average 
heat pulse velocity, HPV , and conducting cross-sectional area, 
CA, terms of eqn 2.12) may result from asymmetrical growth 
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patterns in the stem. 	Secondly, small errors in the placement, 
X, x', of thermal transducers produce large errors in the 
derived heat pulse velocity, HPV, (eqn 2.6). 	Probe distances, 
X, x', from the heater are typically 1.0 and 0.5 cm respectively, 
(Swanson, 1974,   a). 	If x was 0.9 and x 1 was 0.6 cm, the 
thirteen per cent error in (x - x') results in approximately 
a fifty per cent error in heat pulse velocity, HPV. Thirdly, 
Swanson acknowledges heat losses from the measurement section 
as being an important source of error, particularly in deriving 
small HPV values where the solution time, tD,  of eqn 2.6 is large. 
There exist two further possible sources of error which 
Swanson has not published, but which are inherent to his method. 
Firstly, the derived heat pulse velocity term, HPV, is not 
I inearly related to the solution time, t o , but rather, the 
relationship between HPV and tD  is that of Figure 2.3. 	This 
means that the tD  measurement (eqn 2.6) is very sensitive to 
changes in low HPV values but relatively insensitive to changes 
in large values. 	Consequently, the method displays a variable 
sensitivity to sap volume flow rate. 	Thus small errors in the 
determination of solution time, tD3  where  tD  is small, will 
produce large errors in the estimate of volume flow rate. 
Secondly, although Swanson acknowledges a disruption to 
the thermal homogeneity of the wood-water matrix, he does not 
discuss the very likely occurrence of this disruption being a 
time variable quantity, ie, there being different and variable 




Figure 2.3 	Heat Pulse Velocity, HPV, vs Solution Time, t o . 
(Equation 2.6, Section 2.3.2). 
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the thermal diffusivities, k, at points x and x' from the 
heater are different, the relationship of eqn 2.6 no longer 
holds. 	When the xylem tracheids are punctured through 
insertion of a transducer, the water column will recede from 
the site of interference and air will be drawn into the wood 
body via the damaged xylem. 	The initial extent of this embolism 
is likely to depend on the magnitude of xylem water tension at 
that point, prior to the disturbance. 	Depending on the 
prevailing water potential gradients throughout the xylem body, 
subsequent drying and wetting regimes at each transducer site 
seem likely. 	Unfortunately, there is no evidence to suggest 
a simultaneous equality of moisture content and hence thermal 
diffusiity at any two sites. 	Thus, although the volume flow 	V 
rate, Q, may be largely unaltered by localised damage to the 
flow pathway, (Mackay and Weatherley, 1973), a variable and 
possibly large source of error in its estimate by Swanson's 
method must be postulated, attributable to different thermal 
diffusivities at x, x' pairings. 
One disadvantage that is common to all heat pulse methods 
is that they do not give a continuous record of sap flow. 
For example, Leyton (1970) found that with his pulse technique, 
he could not record heat pulse velocities at intervals of less 
than approximately one hour. 	This unfortunately large period 
is the time taken for thermal equilibrium to be restored in the 
wood-water matrix after the introduction of a heat pulse. 
Such infrequent sampling affords an undesirable loss of 
information on possible short term fluctuations in transpiration 
rate. 
Because of this drawback, a number of workers have 
introduced an alternative to the heat pulse approach, in 
continuously recording heat transfer methods. 	Vieweg arid 
Ziegler (1960; quoted in Leyton, 1970) monitored sap volume 
flow rate, by measuring the degree of asymmetry in the 
temperature profile around a permanent heat source inserted 
in the stem. 	An alternative continuously recording system 
to that of Vieweg and Ziegler is described by Leyton (1967, 
1970), but Saddler and Pitman (1970) have pursued the method 
of Vieweg and Ziegler with thermal transducers on the surface 
of an undisturbed xylem body. 	They employ two temperature 
detectors at equal distances, x, from a continuous heat source, 
one upstream, the other downstream, registering temperatures 
	
T_ and T+  respectively. 	Analysis of the heat transfer model 
gives 
-1 	2mQx T(T_) = e 	 ... 2.13 
where m = pC(2K) 
P = the density of sap 
C = the specific heat of sap 
K = the thermal conductivity of the stem 
Q = sap volume flow rate. 
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Saddler and Pitman do in fact get the expected linear 
fit between ln[T(T_) - '] and volume uptake rate, Q, as 
measured by a potometer. 	Where the thermal conductivity, 
K, of the stem can be ascertained, their method affords the 
encouraging possibility of measuring sap volume flow rate 
directly and continuously without disruption of the flow 
pattern. 	Moreover, although Saddler and Pitman do not 
discuss the problem, it has been shown (Pickard and Puccia, 
1972) that the derived volume flow rate estimate is largely 
independent of radial variations in the sap velocity profile. 
Unfortunately,, the technique is only appropriate to small 
(<2 cm diameter) stems (Pickard, 1973), since the time taken 
for thermal equilibrium ,(T(T_) 	is a constant) after a 
step change in volume flow rate : Q: becomes excessive for 
larger stem diameters. 
Even where the stem diameter is small enough to make the 
method tenable, there are a number of measurement problems. 
Firstly, the difficulty in quantifying changes in thermal 
conductivity, K, of the intact stem, renders the in situ 
determination of volume flow rate, Q, most improbable. 
Secondly, the model (eqn 2.13) assumes a homogeneity in 
thermal conductivity, K, throughout the stem body. 	This is 
not the case where the stem comprises a number of concentric 
rings of different material, each with its own variable K value. 
Thirdly, the determination of volume flow rate, Q, is even 
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more sensitive to changes in transducer placement, x, than 
that of Swanson. 	For example, with a typical placement, 
x = 0.4 cm, a ten per cent error in x, corresponds to a one 
hundred per cent error in ln[T(T_) 1,(from Saddler and 
Pitman (1970) data). 
An alternative approach to a con-tinuc-us. heat trans-fer 
monitor of sap volume flow rate, is that of Daum (1967). 
His approach is based on the partitioning of a heat input 
to the plant system, in which the energy budget of the water 
conducting zone in the plant stem is analysed. 	This water 
conducting zone which Daum terms 'active xylem' is rather 
loosely equated by Daum with a 'sapwood' term. 
Daum describes the energy budget of a tree in relation 
to Figure 2.4. 	All the heat entering the active xylem between 
points 1 and 2 (Figure 2.4) must be balanced by the heat lost. 
The heat supply is the natural transfer of heat between the 
stem and surrounding air. 	Heat energy entering the active 
xylem is equal to the sum of heat transfer to the inactive 
xylem, heat storage in the active xylem and heat loss from 
the xylem section via the sap stream. 	The energy relationship 
is given by Daum 
QH = 	
+ Cxg dT/dt + C pQ(T 2 - T 1 ) 	 ... 2.14 
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Figure 2.4 	Longitudinal Section of Schematic Tree Stem, 
definingDaurn's 'test section', (Section 2.3.2); 
after Daum, 1967. 
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where 
QH = the rate at which heat enters the outside 
vertical surface of the test section, (Js') 
Qw = the rate at which heat is transferred to the 
inactive xylem (Js) 
Cx = the specific heat of the active xylem 
g = the weight of the active xylem in the test 
section (kg) 
dT/dt = the time rate of change of temperature in the 
active xylem 
C 	= the specific heat of sap (taken as one) 
p = the density of sap (taken as one) 
(T2 - T1 ) = the temperature differential in the vertical 
direction between points 1 and 2 in the centre 
of the active xylem ( °C) 
Q = sap volume flow rate through the test section 
(m3s) 
Solving for Q, 
Q = ( QH - 	- Cg dT/dt)C 	P- l (T2  - T 1 ) 	... 2.15 
Thus, where all other heat transfer parameters (eqn 2.15) 
can be measured, a direct estimate of volume flow rate, Q, 
can be made. 
The rate, QH , at which heat enters the system is 
determined by inserting one or more heat flow plates in the 
bark tissue. 	Then, following Daum 
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QH = W1DkHFPAHFP 	 ... 2.16 
where N = the number of heat flow plates connected in 
series 
D = the output voltage of the calibrated plate 
kHFp 	the heat flow plate constant 
AHFP = the area of the cylinder enclosed by the 
cambial layer, between points 1 and 2 (Figure 2.4) 
Heat transfer, QW , to the inactive xylem is given by 
QW = K(13 - T4)Amd 1 
	
2.17 
where K = the thermal conductivity of the inactive xylem 
Am = 	the logarithmic mean area of the cylinder 
between points 1 and 2 (Figure 2.4) 
d = the radial distance between points 3 and 4 
(Figure 2.4) 
(T3 - T4 ) = the radial temperature difference between 
pOints 3 and 4 (Figure 2.4) 
Daum calculates thermal conductivity, K, by choosing an 
interval of several hours when T 2 =T, = a constant, (ie, when 
volume flow rate, Q, is zero). 	Then, Q H = 	and K is 
calculated from 
K = QHd1(T3_T4)Am ] 	 ... 2.18 
Heat storage in the active xylem is given by the term 
Cg(dT/dt), where (dT/dt) is measured between points 1 and 
2 (Figure 2.4). 	The thermal capacity term (Cg) is 
determined experimentally 
Cg = 
	- Qw)(dT/d1 t) 	 ... 2.19 
where T2 = T 1 , but T1 2 are not constant. 
The implementation of Daum's system is straightforward, 
where the hardware requirements are 
(.i I- 
1 	 neat now plates 
thermal detectors and associated circuitry 
a dendrograph for monitoring changes in stem 
circumference (and hence compensating for changes 
in both AHFP and Am values of eqns 2.16 and 2.17). 
The derivation of volume flow rate, Q, might usefully 
be realised by a microcomputer system, giving a continuous 
real time record of volume flows. 
Daum in fact got encouraging results when testing his 
system on a large (50 cm diameter) ash tree, (Fraxinus sp. ). 
rii;j 
He measured volume flow rate at three sites (Figure 2.5) and 
got a good equality of volume flows over twenty-four hour 
periods 
total = Q1 + Q2 (as in Figure 2.5) 	... 2.20 
There are, however, a number of assumptions being made, 
at least some of which may limit the interpretation of Daum's 
results and consequently the utility of his method. 
Firstly, Daum assumes a constancy in some of the physical 
parameters measured. 	He assumes a constancy in the thermal 
conductivity, K, of inactive xylem. 	This in fact may not 
be a serious source of error where the moisture content 
variation of the heartwood is small. 	Where however, large 
changes in the water storage of the heartwood occur, the 
assumption of constant thermal conductivity, K, will 
constitute an error term. 	Likewise, the assumption of 
constant thermal capacity, Cg of the active xylem is 
erroneous, although Daum considers that the likely variation 
here is small. 	Diurnal variation in the cylindrical 
parameters of the stem (AHFP  and  Am  terms, eqns 2.16 and 2.17) 
must also be measured. 	This is readily achieved by using a 
dendograph in the manner of Daum, and thus may be eliminated 
as a source of error. 	The spacing of thermal transducers is 
also critical. 	Error in defining the distance between 
points 1 and 2 (Figure 2.4) is critical in defining the 
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thermal conductivity, K, of the inactive xylem. 
The goodness of Daum's fit between trunk and forked 
branch volume flow rates (Figure 2.5) is perhaps not surprising 
since he apparently employs the one set of physical parameter 
values in deriving his volume flow rate, Q, at the three 
different sites. 	The assumption. of .a homogeneity in- the 
physical parameters at all three sites may be quite valid. 
What is invalidating however, is the likely error range in 
transducer spacing and hence error in determining this one 
set of parameter values. 	In other words, although the 
experimental summation of branch flows may equal that of trunk 
flow, Daum's derived volume flow rate may in fact only 
approximate that of real volume flow. 	As with the other heat 
transfer systems described in this section, some independent 
measure of real volume flow rate (by means of a lysimeter or 
potometer) is thus desirable. 
The main problem, however, in applying Daum's technique 
to a variety of stem species and sizes, is that of defining 
the transition from active to inactive xylem. In some (ring 
porous) species this may be a relatively easy matter with sap 
flow confined to the outermost growth rings. In this regard 
it is surprising that subsequent research publications based 
on Daum's method, as applied to ring porous species, have not 









Figure 2.5 	Trunk Flows total 
 equals the Sum of BranchFlows, 
Q1 and  Q2  (Equation 2.20; Section 2.3.2). 
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of Cermak, Demi and Penka (1973), whose system differs from, 
but does not seem to better that of Daum. 
The possibility of adapting Daum's approach to measuring 
volume flow rates in Sitka spruce has recently (1973) been 
investigated by Richards (personal communication). 	His 
approach diffe-rs from that of Daum, pri-marily fn the method 
of supplying heat energy to the active xylem and in measuring 
the magnitude of this supply. 	The main problem encountered 
was that of defining the active xylem zone. 	This proved 
difficult in the manner of Daum, from a consideration of the 
radial variation in wood ambient temperature. 	There was no 
well defined transition in ambient temperature which could 
be associated with an active-inactive interphase. 	Thus the 
positioning of thermal transducers was not well-informed, 
with a consequent error in the derivation of the weight term, 
g, and hence in the heat storage term, Cg(dT/dt) eqn 2.15. 
The heat storage term becomes increasingly important in 
the derivation of volume flow rate, Q, as Q decreases. 
'Richards (personal communication) has investigated the 
linearity between derived Q and volume flow rate as measured 
in a flow rig, incorporating a spruce stem section and for a 
range of volume flow rates appropriate to that stem. 
At his lowest flows (<0.5 L hr- I ) Richards found as small as 
±20% accuracy; at the highest flow rates (>1.0 L hr- I )I 
±10% accuracy. 	Daum does not present equivalent figures for 
his estimates of volume flow rate, Q, but it might be expected 
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that, with his better definition of active xylem, his estimate 
would be more accurate. 
2.3.3 The Use of Radioactive Tracers 
The use of radioisotopes as flow indicators in the sap stream 
has been investigated as an alternative to heat transfer studies. 
A recent summary of the main publications relating to the use of 
isotope tracers in the sap stream is provided by Owston, Smith and 
Halverson (1972). 	The methodology which has been followed is 
inherently destructive to plant tissue. 	It typically involves 
the injection of an isotope into the sap stream. 
This is normally effected by making drillings in the xylem tissue, 
into which isotope solution is released. 	An alternative has been 
described in which small lateral root ends of large trees are 
immersed in situ, into vials of P' solution, (Owston and Smith, 
1968; Owston, Smith and Halverson, 1972). 
the determination of isotope velocity by collimated 
detectors. 	Since diffusion of the isotope is predictably small 
in the time between injection and measurement, the velocity of the 
isotope front is considered to be that of the sap body (Heine, 1970). 
the determination of conducting stem area. 	This is an 
entirely destructive measurement which, for tree stems (Owston, 
Smith and Halverson, 1972), involves 
1. 	measuring the depth of radioactivity from 
autoradiographs; 
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calculating the total area of transport assuming 
uniform depth of movement around the stem; 
reducing the above area measurement by that 
fraction occupied by cell walls; 
the determination of volume flow rate from the 
product of isotope velocity and sap conducting 
area. 
An alternative, less destructive approach is that of 
Kline, Martin, Jordan and Koranda (1970), which has recently 
been applied by a number of workers (Kline, Reed, Waring and 
Stewart, 1976; Jordan and Kline, 1977). 	Isotope is introduced 
to the vascular system via stem drillings. 	A complete mixing 
of the tracer with xylem water is assumed and the specific 
activity (disintegrations per unit time per unit volume of 
water) is measured at the output of the system in the xylem 
water of the leaves. 	Then,the volume flow rate, Q, may be 
calculated (Kline et a, 1970) 
Q 	11 (!f(t) . dt) 	 ... 2.23 
where M = the total tracer activity administered during 
the experiment 
f(t) = the specific activity of leaf water. 
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Since both M and f(t) can be measured, volume flow rate 
Q may be readily ascertained. 	A number of limiting 
assumptions are however being made. 	Firstly, a steady state 
flow is assumed. 	This is not necessarily the case where there 
exists a secondary storage pathway, parallel to the primary 
f-l-ow stream. 	Thederived volume flow rate Q will at best be 
an average of short term fluctuations in the transpiration value. 
It does not however quantify the photosynthetic and storage 
components. 	Secondly, it is assumed that all the tracer is 
available for uptake. 	This condition may indeed normally 
obtain but the possibility of a lag in tracer movement through 
interaction with the xylem cell walls does exist. 	Thirdly, 
the assumption is made that not only is there complete mixing 
of the tracer in the transpiration stream but also, that there 
is a close tracking of transpiration rates throughout the canopy. 
This may not necessarily be the case however and thus 
constitutes a serious source of error. 	The only means of 
reducing the error in whole tree transpiration is to have 
concurrent sampling from all transpiration zones in the tree. 
Such leaf sampling constitutes a fourth drawback to the method, 
namely, that it is destructive in its determination of specific 
activity, f(t), and particularly so, where large numbers of leaf 
samples are collected from throughout the canopy, to reduce the 
sampling error. 
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2.3.4 A Magnetohydrodynamic Method 
Although the principle of electromagnetic induction has 
seen biological application for some time as the basis of many 
blood flowmeters, (Denison and Spencer, 1960; Kolin, 1960, 
1968), electromagnetic theory has only recently been applied to 
sa-p- flow- meas-urement (Sheri-ff, 1972-, 1-974). 	The bastc 
application has been that of the transverse field flowmeter 
(Shercliff, 1962), in which the transpiration stream, cutting 
orthogonal lines of magnetic flux, induces a voltage difference 
across the sap body. 	Where the plant stem is analogous to a 
simple pipe, the induced voltage V (volts) is given by 
V = DBv 	 ... 2.24 
where P = the internal pipe diameter (m) 
B = the magnetic flux density (Tesla) 
v = the instantaneous average velocity of the 
- 	 fluid (ms- 1 )- 
The electromagnetic approach has a number of inherent 
features which render it appropriate to flow measurement. 
The most relevant of these comprise 
(i) 	the induced voltage V is proportional to the average 
flow velocity 'u Thus where a radial symmetry of 
flow velocity exists, the induced voltage V is also 
proportional to the total volume flow rate. 
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the response to velocity change is instantaneous. 
the sensitivity is independent of physical 
factors such as temperature, viscosity and 
velocity profile. 	The sensitivity S, 
[V(m)], is given by 
S = 4B(7rD) 	 ... 2.25 
the system disturbance need be minimal. 
In fact, Sheriff obtained good linear relationships between 
induced voltage and volume flow rates as indicated by potometer 
uptake for different stem species. All stem diameters were 
however small (less than approximately 0.5 cm). 	Moreover, 
the unamplified signal was extremely small, (less than 10 6V) 
and its detection necessitated an undesirable screening of the 
plant body within a Faraday cage apparatus and the use of band 
pass filters. 	(Sheriff, personal communication). 
2.3.5 A Hydrokinetic Approach 
Recently, the flow of solutions through excised plant 
stems has been quantified by measuring the degree of interaction 
between the flow of water molecules and of ions in solution, 
(Tyree and Zimmermann, 1971). 	Non-polarising, bipolar voltage 
pulses are applied across a length of stem. 	Unequal current 
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pulses are detected, resulting from the greater frictional 
drag when current (which is carried primarily by cations) is 
flowing against the water stream than when flowing with it. 
Tyree and Fenson (1968) derived a proportionáUity between the 
difference in current and volume rate, Q 
Q = CA.J = Lpp(2LEP)_' Al (m3s) 	... 2.26 
where CA = the cross sectional area of the hydraulic pathway 
(m2 ) 
J = the flux of solution (ms) 
LPP = the hydraulic conductivity of the stem (J.ms) 
LEP = the electro-kinetic cross coefficient (A.J 1 ) 
I = the flux of current (Am 2 ) 
In order to ensure that the solution passing through the 
excised stem section was of a known conductivity and to minimise 
electrode polarisation due to asymmetric ionic environments 
at the electrode-wood interfaces, Tyree and Zimmermann found it 
necessary to perfuse the stem section with dilute electrolyte 
solution. 	When this precaution was taken, Tyree and Zimmermann 
were able to detect the predicted linear relationship between 
volume flow rate, Q, of the perfusion liquid and difference in 
current flux, Al. 	There has been no report however, concerning 
the successful application of the technique to living (intact) 
stems. 
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2.3.6 The Measurement of Electric Potential Gradients in 
the Plant Stem 
This method involves the in situ determination of 
electric potential gradients in the plant stem, (Schuch and 
Wanke, 1968). 	The occurrence and significance of electric 
potential gradients in the stem has-been discussed in. some 
depth by Fenson (1957, 1958, 1959, 1962 and 1963). 	The 
proposed measurement system of Schuch and Wanke is based on 
the Helmholtz Equation (Fensom, 1957) which states that, where 
a pressure difference exists, causing a flow of liquid through 
a capillary tube, there will be induced an electric potential 
gradient between the ends of the flowing column. 	The induced 
streaming potential is proportional to the pressure difference 
across the flow section 
V = cp(4m1k) 	 ... 2.27 
where 	V = 	the streaming potential (V) 
c = 	the dielectric constant of the liquid 
= the zeta potential between freely moving liquid 
and the walls of the capillaries (V) 
p = the pressure difference between the ends of the 
capillary, (bar) 
= the viscosity of the liquid 
1 = the length of the capillary (m) 
k = the specific conductivity of the liquid. 
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Thus where a volume flow, Q, (m3s), occurs in response 
to a water potential gradient, eqn 2.27 predicts the occurrence 
of a proportional streaming potential value, V. 
Schuch and Wanke determined the electric potential gradients 
by inserting both reference and indicator electrodes into 
spruce stem- drillings. 	Typically, the gradients were of the 
order 102 V . 	Unfortunately, no independent assessment of 
volume flow rate was attempted and the variations in potential 
gradient are inadequately compared with variations in solar 
radiation alone. 
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2.4 THE MEASUREMENT OF SAP VOLUME FLOW RATE IN SITXA SPRUCE 
In considering the applicability of different measurement 
systems to measuring sap volume flow rate in sitka spruce, it 
is useful to define an ideal sap flowmeter. 	One possible 
general specification for total water usage by sitka spruce 
is now given : 
it should not alter the magnitude of sap volume 
flow rate; 
it should provide a preferably continuous, appropriately 
high resolution record of total water usage by the 
plant; 
it should be appropriate to routine monitoring of 
sap flow; 
it should be applicable to individual plants of all 
sizes; 
it should be non-destructive to plant tissue and 
growth 
Both hydrological and micrometeorological methods, whilst 
having considerable significance in quantifying evapotranspiration 
on an area basis, are inappropriate to the above remit, in that 
they do not readily discern individual plant transpiration. 
'Closed-circuit' ventilation systems are also unsatisfactory, 
through the uncertain nature of their interference with the soil- 
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plant-atmosphere continuum. 	The 'quick-weighing' method proves 
undesirable in that it is destructive to the plant body and is 
therefore unsuited to prolonged routine and monitoring. 	It 
also involves an uncertain extrapolation of shoot sample data 
to whole crown flow, as does the porometer approach. 
Lysimeters do have considerable potential as transpiration 
meters. 	However, in common with the above techniques, they do 
not discern water movement from the soil mass into plant 
storage, or the incorporation of water in photosynthesis, ie, 
they do not measure total water usage by the plant but rather, 
the transpiration component alone. 	Moreover, the one weighing 
apparatus is not suited to a large range of plant sizes and large 
scale lysimeters proves both difficult and expensive to 
establish. 
Although the potometer does not measure sap volume flow rate 
non-destructively, it does, like the lysimeter, have application 
as a calibration system for other non-destructive meters. 	In 
this context, its main advantage over the lysimeter is in measuring 
total water usage by the plant. 	Large scale potometers are 
relatively easy to construct and less expensive than lysimeters 
for the same size of plant. 	Moreover, within certain environmental 
limits, water uptake by the cut potometer shoot may approximate 
that of the equivalent intact plant. 	(The possibility of potometer 
data pertaining to that of intact plant consumption is discussed 
more fully in Section 5.2 ). 
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One hindrance to a further usage of the potometer in water 
relations work, is that of data collection. 	There is apparently 
no publication relating to any form of automated potometer which 
might yield a continuous record of water uptake by the plant. 	I 
The development of such an instrument is particularly desirable 
in providing a ready means of calibrating other non-destructive 
sy-stems for total- vo-i-ume- flow rate. 	One such- automated 
potometer is described in Chapter 4. 
Of all the measurement systems aescribed in the previous 
sections of this chapter, only those pertaining to flow measurement 
in the stem afford any possibility of meeting the above ideal 
remit. 	However, it is apparent that there exists a number of 
inherent problems which limit the applicability of all such 
techniques. 	These pertain firstly to the measurement cystem 
(eg, the spacing of thermal transducers) and secondly to the 
pecularities of the plant system itself, the most limiting of 
which are 
(1) 	the low flow velocities encountered. 	Sap velocity 
in Sitka spruce is unlikely to exceed 1 m hr- 1 ; typically it 
seems likely to be an order of magnitude less. 
the variability in that fraction of the total stem 
cross sectional area involved in sap flow and the difficulty 
of instantaneously defining it. 
the range of stem diameters encountered. 
Of all such stem sap flowmeters, those pertaining to heat trans-
fer in the plant stem have been most widely tried. 	However, 
the divers problem of specifying their usage has led to 
investigations with a number of other stem measurement 
systems described above. 	Typically, the assessment of such 
alternative systems has been of a general nature by their 
proponents. 	This has proved largely unhelpful to the 
researcher requiring an instrument of declared specification 
and indeed, in many instances, some of the proposed 
measurement systems will be quite unsuitable. 
With respect to the above remit, the usage of radioisotope 
tracers becomes quite undesirable. 	The main failing is that of 
destructive sampling of plant tissue which precludes the usage 
of the technique as a routine basis for monitoring water uptake. 
Moreover, the complexity of sampling involved in a technique 
such as that of Kline et al (1970) prevents the continuous 
measurement of sap flow. 	At best, one obtains intermittent 
measures of sap volume flow rate, of predictably low resolution. 
The use of electromagnetic induction techniques does offer 
encouraging possibilities, since an instantaneous measure of sap 
velocity appears possible with minimal disturbance to the plant 
system. 	The general claims of its main proponent are however 
somewhat misleading and in some instances quite invalid, viz 
"Accurate measurements of water flux through plant 
sterns were a problem until the introduction of the 
magnetohydrodynarnic technique by Sheriff ... ", 
(Sheriff, 1974). 
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There are in fact many instances in which the technique 
is untenable. Indeed its only likely usage is in measuring 
large sap velocities (eg, several metres per hour) in small 
stem diameters (eg, less than 1 cm). This becomes apparent 
from inspection of eqn 2.24, where the only means of 
increasing the induced signal V, for a. particu.iarstem diameter 
D and average flow velocity v, is to increase the magnetic 
flux density B. 	Typically, the induced voltage V is extremely 
small since a practical limit to magnet flux density B is 
imposed by mass and power considerations of the magnetic 
assembly. 	Roa and Pickard (1975) have calculated that for a 
typical 0.2 m diameter tree stem with (what for Sitka spruce 
is possibly a very large) volume flow rate of 10 1 hr- 1 , to 
achieve an induced signal of a few microvolts would require 
a quite prohibitive power value of several tens of kilowatts. 
This fact alone renders the method unsuitable for the range of 
stem diameters and low flow values encountered in Sitka spruce. 
Two further points are however relevant to the use of 
electromagnetic induction techniques. 	Firstly, the sensitivity 
S, [V(ms)} of the induced signal V, to average flow 
velocity 5, is inversely proportional to stem diameter (eqn 2.25). 
Small increases in velocity (proportional to increasingly 
large volume flow rate changes) thus become increasingly 
difficult to detect at larger stem diameters, ie, at large stem 
diameters the resolution of volume flow rate will be low. 
Secondly, Roa and Pickard (1975) have considered the effect on 
sensitivity of anisotropy in the electrical conductivity 
of the stem. 	They conclude that an observed marked and 
irregular variation in anisotropy will result in a variable 
sensitivity between different tree stems and a temporal 
variation in the one stem. 	Such variation will have the 
effect of reducing fur-ther a-n already undesirably small 
signal to noiseratio. 
Thus whilst its somewhat limited application in measuring 
large flows in small stems has been acknowledged, the 
magnetohydrodynamic approach would appear emminently unsuited 
to meeting the above ideal remit for measuring sap flow in 
Sitka spruce. 	 - 
Two further proposed measurement systems were outlined in 
Section 2.3, namely, a 'hydrokinetic' approach and a method 
involving the measurement of electric potential gradients in 
the plant 'stem. 	Apparently neither of these has been pursued 
beyond an initial publication in view of the subsequent lack 
of communication concerning their development. 	However, the 
first of these, namely the hydrokinetic approach of Tyree and 
Zimmermann (1971), does demand some consideration since the 
authors do convey some considerable optimism for their method, 
viz : 
"We consider that our technique is now about as reliable 
as the heat pulse technique and, like the heat pulse 
technique, would be of use on species like Eucalyptus 
which have higher transpiration rates." 
(Tyree and Zimmermann, 1971). 
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Two comments, both of which are acknowledged by Tyree 
and Zimmermann (1971) are relevant. 	Firstly, their 
calibration curves of differential current 1I(A) against 
forced volume flow rate AJ(m3s) through excised stems, are 
for a range of volume flow rate, typically in excess of that 
encountered in the living stem. 	It becomes extremely 
difficult to resolve AI for equivalent changes in volume flow 
rate at the lower (and in this case, relevant) end of their 
working range. 	Secondly, Tyree and Zimmermann were unable to 
control the asymmetrical junction potentials of their 
measurement electrodes. 	This is predictably a non-trivial 
problem to solve, peculiar to electrochemical measurements. 
Thus, whilst Tyree and Zimmermann do acknowledge the above 
drawbacks to the usefulness of their method, they do not 
emphasise the somewhat intransigent nature of these problems, 
ie, it is not obvious how the problems associated with a 
variable junction potential and extremely small signal can be 
overcome. 
It seems reasonable to conclude that Tyree and Zimmermann 
communicate a somewhat misplaced optimism with regard to the 
likely application of their technique. 	Indeed, the favourable 
comparison that they make between the utility of hydrokinetic 
and heat pulse techniques, seems largely unwarranted, being 
more indicative of the inadequacies of existing heat pulse 
approaches, than of any particular merits which their own 
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system may have. 	Until such time as the problem of variable 
junction potentials is resolved, the method must remain 
inapplicable to measuring the low volume flow rates encountered 
in Sitka spruce. 
The remaining publicised system for consideration is 
that of Schuch a-nd- Wa-nke- (1968) who measure - i-nduced electric 
potential gradients in the plant stem. 	Interestingly, their 
experimental work was carried out on spruce stems, and their 
results do in fact suggest some positive correlation of electric 
potential gradient in the spruce stem with incoming solar 
radiation and hence, (they assume), sap volume flow rate. 
Schuch and Wanke do not however publish a regression analysis of 
volume flow rate. on electric potential gradient but inspection 
of their graphs suggests a discouragingly poor relationship. 
Moreover, their simultaneous determination of electric potential 
gradient across three test sections in close proximity to one 
another along the main stem axis (ie, within a 1 m stem 
section) gave widely divergent values of potential gradient 
at the three sites. 	It is difficult, (even allowing for 
substantial storage flows in the axial pathway), to see how such 
divergent values of electric potential gradient could represent 
proportional differences in volume flow rate over such a small 
stem length. 	The discrepancy is more likely to be explained 
in terms of variable junction potentials, in which case, this 
method suffers from the same transductive problems as does that 
of Tyree and Zimmermann. 
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Thus, whilst the results of Schuch and Wanke (1968) may 
suggest some possibility of an alternative qualitative approach 
to measuring sap volume flow rate, they do not afford any 
confidence for future quantitative studies in Sitka spruce. 
The published alternatives to heat transfer systems in 
monito.ri-ng- sap vol-ume- f  ow rate i-n the- p-i - a-nt stem ai-e thus 
apparently inappropriate to the ideal remit for Sitka spruce. 
Unfortunately, no alternative, as yet untried approach, 
appears to offer any advantage over the above in transducing 
such extremely small sap velocities. At would appear that 
heat transfer systems afford the only likliehood of meeting 
the project remit. 
Of all heat transfer systems described in Section 
those which give a continuous measure of volume flow rate are 
the most desirable. Two such systems were described that 
of Saddler and Pitman (1970) and that of Daum (1967). The 
technique of Saddler and Pitman, whilst theoretically sound, 
proves difficult to apply. Variations in thermal 
conductivity, K, are difficult to accommodate and, particularly 
since the method is restricted to small stem diameters, it is 
inappropriate to the above specification for Sitka spruce. 
Daum's approach is undoubtedly the most attractive 
publication to date for potential routine monitoring of sap 
flow. 	This is so because of the particularly close equation 
of total branch and stem flows which he obtained (eqn 2.21). 
However, the relevance of the method for measuring sap 
volume flow rate in a range of Sitka spruce stem diameters 
¼ has been pertinently assessed by Richards (personal communication) 
"The success of the method depends rather largely upon 
how accurately the extent and pattern of water conduction 
pathways can be assessed. 	If the zone of active xylem 
is not definable to an extent compatible with theory, 
then, unless the theory can be satisfactorily modified, 
the method ceases to provide useful mass flux information. 
As soon as it becomes merely a qualitative method, so it 
also becomes unnecessarily complex and insufficiently 
sensitive. 	At this point, resort should be made to a 
simpler qualitative system, many of which are available 
and well proven." 
It is this uncertainty in defining 'active' and 'inactive' 
xylem areas in spruce stems which precludes the immediate 
application of Daum's approach. 	Until the extent of seasonal 
and diurnal variations in the conducting sapwood area have 
been quantified, Daum's approach cannot be meaningfully implemented 
for spruce stems. 
It would thus appear that no continuously monitoring 
system is immediately applicable to Sitka spruce and that 
resort must be made to some form of time sampling of the sap 
stream. 	In this respect, the approach of Swanson remains 
attractive, despite the large number of associated potential 
error terms, which render its application problematic. 	His 
readily implemented heat pulse velocity, HPV, term is 
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theoretically independent of changes in thermal diffusitivity, 
k. 	This is particularly important in accommodating variable 
moisture contents. 	Moreover, his parabolic definition affords 
both the derivation of an average heat pulse velocity term, 
HPV, and an instantaneous estimate of the variable sap 
conducting area, CA. 
Perhaps not surprisingly then, the ideal remit cannot 
be met. 	The heat pulse velocity approach of Swanson does 
appear to offer some basis for firstly developing an 
independent volume flow rate meter and secondly, (and perhaps 
eventually more importantly), a means of quantifying the 
variable sap conducting area in Sitka spruce, from which data 
a Daum based system might eventually be implemented. 
The following chapters describe the development of a heat 
pulse velocity measurement system, suitable for implementing 
the Swanson algorithm (eqn 2.6), and the associated development 
of an automated potometer as a calibration system for making 
concurrent but independent estimates of total water uptake 
by excised stems. 
CHAPTER 3: 	A HEAT PULSE METER 
Abstract: 	A heat pulse meter suitable for measuring heat 
pulse velocity, HPV, on the plant stem, is 
described. 	Heat pulse modulator and thermal 
detection circuits are given. 
3.1 	INTRODUCTION. 
The following sections describe a measurement system. 
suitable for implementing the heat pulse velocity, HPV, 	 - 
algorithm of Swanson (1974, a): 
HPV (. .... 2 . 6 ) 
where x, x' are upstream and downstream spacings from a line 
heater and t   is that time taken for the temperature, T 1 , at 
point x to equal the temperature, T2 , at point x', after an 
instantaneous release of heat. The occurrence of solution 
time, tD  is illustrated in Figure 3.1. 
A heat pulse meter consists of three stages 
	
(1) 	heat supply, (Section 3.2); 
heat detection, (Section 3.3); 
a counter stage for determining solution time 
tD. 
A digital counter stage was investigated but for the 
experimental work of this thesis (Chapter 5), determinations 
of solution time, t o , were made from D.V.M. observations 
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3.2 	HEAT SUPPlY 
In assessing the usefulness of the heat pulse approach, 
it is desirable that a well defined quantity of heat be 
released in the wood-water matrix. 	This necessitates 
control of both heat pulse width and heater current.. 	To this 
end, the heat supply unit comprises three components: 
	
(1) 	a digital timer; 
a pulse height modulator; 
a heater element. 
The digital timer employed had a pulse width range of 
.0.1 s to 9.9 s. 	In practice, typical pulse widths are 
approximately 2 s. (Swanson, 1974 a). 	The timer had both 
'free run' and 'single shot' modes. 	In the 'free run' state, 
heat is automatically introduced to the plant stem at a 
desired frequency of pulsing. 	The single shot requires 
manual control. 
The output of the timer stage is a defined pulse width at 
the T.T.L. level, + 5 volt. 	The pulse height modulator 
(Appendix II) ensures that a desired voltage appears across 
the heating element in the plant stem. 
er 
The heat Als similar to that of Swanson (1974, a) and 
consists of a length of nichrome resistance wire running the 
length of a hypodermic needle. 	The heater assembly had a 
resistance of approximately 212. 
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3.3 	HEAT DETECTION 
Thermistors (Fenwall type UUA32J2) were used in 
monito-ring stem temperature. 	These particular devices have 
the advantage of being interchangeable, thus obviating the 
need for calibration when different transducers are used with 
the one measurement circuit. 
The thermistor amplifier circuit was that of Nemchik and 
Fritsch (1969). 	Its output voltage is a linear function of 
temperature (Figure 3.2) and thus the circuit compensates for 
the inherently non-linear, temperature induced change in 
thermistor resistance (Figure 3.3). 
In implementing the heat pulse velocity algorithm, the 
temperature at sites x, x' distant from the heater, is 
monitored. 	The output of the two thermistor circuits is 
then differenced (Appendix II). 
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CHAPTER 4: 	AN AUTOMATED POTOMETER 
Abstract: 	An automated potometer is described whose output 
voltage provides a continuous record of water 
uptake by a potometer plant. The measurement 
system is based on the capacitive transduction 
of mensiscus position in a potometer sensing 
tube. 	The temperature dependence of the 
capacitance signal is largely eliminated by the 
measurement circuit, such that a change in output 
voltage is proportional to a volume uptake by the 
plant. One implementation of the system is 
described, whose volume resolution is approximately 
025 mi., over the temperature± °" 
	+ 
30°C. 	Volume resolution, appropriate to a large 
range of plant size and volume flow rate, is 
possible. 
4.1 	INTRODUCTION 
This chapter describes an automated version of the standard 
potometer assembly (Section 2.2; Figure 2.1). 	The importance 
of such an instrument to sap flow measurement has been discussed 
in Section 2.4. 
Two features are required of any automated potometer 
a method of monitoring meniscus position in the 
potometer tube. 
a means of periodically replenishing the receeding 
water column. 
Section 4.2 describes the capacitive transduction of 
meniscus position in a potometer tube and discusses inherent 
error terms. 	An appropriate capacitance to voltage converter, 
which largely compensates for temperature induced system gain 
changes is described in Section 4.3. 
Section 4.4 describes the circuit control of a solenoid-
operated valve, which replaces the manually operated tap of 
the standard assembly. 
The chapter concludes (Section 4.5) with a discussion of 
the measurement system and its best implementation. 
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4.2 	CAPACITIVE TRANSDUCTION OF MENISCUS POSITION 
A coaxial capacitor is used for monitoring water volume 
(cc meniscus position) in the potometer tube. 	The central 
electrode is a length of tinned-copper wire and the outer plate 
is made of conducting foil. 	This tissembly (Figure 4.1) 
replaces the sensing tube of the standard potometer (Figure 2.1). 
The total capacitance, CT,  of the coaxial tube is equal 
to the sum of parallel capacitors C 1 and C 2 (Figure 4.1) 
C1 = C 1 + C2 	 ... 4.1 
where C 1 = the sum of component series capacitors Cwater  and 
Cwa ter Cg i ass 
C 1 	= 	 ... 4.2 
C. water 	glass 
C2 = the sum of component series capacitors Cair  and 
C' glass 
Cair C' glass C2 = 	 ... 4.3 
C 
air 	glass 
Cwate,, = capacitance of inner electrode to vessel 
wall for a water-filled section. 
Cair 	= capacitance of inner electrode to vessel 
wall for an air-filled section. 
external 
I I 
	 plate  
Cgi ass 
	
C'giass 	 I 
water 
	
Cai r 	I 
inner 
electrode 
• 	 . 	
glass 
wall 
Figure 4.1 	Longitudinal Section of Capacitive Transducer 
(See Section 4.2 for Meaning of Symbols) 
CglaSS 
C1 glass = capacitance of vessel wall to 
external plate. 
The capacitance, C, of each component capacitor, (C water' 
Ca i r Cgiass and  C'giass)  is of the form (Binns and Lawrenson, 1963) 
- 	 27rcc ° l• 
C = 
	 ... 4.4 
ln(b/a) 
where c = dielectric constant of component capacitor 
Co = electric space constant 
1 = length of component capacitor 
a, b = radii of component capacitor plates. 
D H+4 	U V t ota l capacitance, C 	sensitivitiesVUI 	 t (LI	 d 
for given coaxial dimensions are found in Table 4.1. 	A plot 
(Figure 4.2) of predicted total capacitance, CT,  against water 
column lenth, 1water' 
 demonstrates the linear relationship 
CT = 1(1 lwater + K3 ... 4.5 
where KT  and K3 are constants defined in Appendix iii. Thus 
total coaxial capacitance, CT,  is a linear function of water 
column length, 1water' (o meniscus position). 
C 2• 	C1 
1water Cwater Cg iass C 1 1. air Cair 
C1 
glass 
mm pF mm pF 
0 0 0 0 350 7.7 204.4 
100 175 58.4 43.8 250 5.5 146 
200 350 116.8 87.6 150 3.3 87.6 








Table 4.1 	Predicted Total Capacitance, C19  for One Set of Coaxial Dimensions 
Outside tube diameter 	= 4.63 mm 
Inside tube diameter = 2.92 mm 
Inner electrode diameter= 0.23 m 
Sensitivity : 	Cwater = 1.75 pF mmd , Cwater = 80 
Cair = 0.02 pF m, 'air = 1 
Cgiass = 0.58 pF mm', Cglass = 
300 	 experimental 
sensitivity 
• + (i) 0.70 pF mm 




CT(PF) 	 /1 	I 
7 predicted 
/ 	I 	 sensitivity 





I An 	 An 300 	400 
1water (mm) 
Figure 4.2 	Total Coaxial Capacitance, CT,  vs Water Column Length, 
1water' for the Coaxial Dimensions of Table 4.1. 
Predicted and Experimentally Derived Values Are Plotted. 
81 
For a coaxial transducer whose dimensions approximate 
those of Table 4.1, an experimentally derived sensitivity of 
total capacitance, CT,  to meniscus position, 1water'  was 
greater than predicted, Figure 4.2. 	The discrepancy is most 
likely attributable to small measurement errors in pirameters 
a and b (eqn4.4) resulting in large errors in component 
capacitance, C. 	Of more limiting significance to resolving 
change, 	water' in meniscus position is the apparent 
variability in sensitivity of total capacitance, CT,  to meniscus 
position, 1water'  in the experimental tube. 	This takes the form 
of a step change in sensitivity, presumably attributable to a 
step change in coaxial dimensions. 	Such variability is to be 
expected due to the tolerance of both inner electrode and glass 
tube dimensions. 	In the absence of a custom built transducer of 
small dimensional tolerance, it is thus necessary to select a 
constant sensitivity zone within which meniscus movement may be 
monitored. 
Since total capacitance, CT,  is a function of component 
capacitances, C, (eqns 4.1, 4.2 and 4.3), it is useful in 
considering the nature of change, ACT,  in total capacitance, 
to derive firstly an expression for change, AC, in component 
capacitance, C. 	In General, (eqn 4.4), for component 
capacitance, C 
C = Kcl 	 ... 4.6 
2ie 
where K 
= 	0 	= a constant. 
ln(b/a) 
Let AC, Ac and Al denote changes in component capacitance, C, 
component dielectric constant, c and length, 1, of component 
capacitor. 	Then : 
C(i+) 	= Kc(1+)l(1+!-) 
E AC 	Ac + Al 
-- - -i-. + higher order terms 	... 4.7 
Thus, the fractional change, L , in component capacitance, C, 
is equal to the sum of fractional changes in component 
dielectric constant, 	, and in component capacitor length, 
Al 
T 
In a potometer tube two potential sources of AC component 
capacitance change are present 
(1) 	a change, AC, in component capacitance, due to a 
change, Al, in component capacitor length as water 
is withdrawn from the tube by the pOtometer plant. 
(ii) a AC term attributable to temperature induced 
change in both component dielectric constant, Ac, 
and in component capacitor lenght, Al. 
The temperature induced change in component-capacitance is 
of considerable importance since, if the potometer is to prove 
a useful experimental instrument, its output must be largely 
I 
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temperature compensated over an appropriate temperature range. 
Here, a range of +5 °C to +30°C (accommodating that of plant 
growth), is specified. 	In particular, it is apparent 
(Figures 4.3 and 4.4) that both dielectric constant and specific -. 
volume of water are temperature dependent parameters. 	In the 
potometer tube, changes in specific volume of water will effect 
a change, Al, in meniscus position and hence a change, Al, in 
each of the component capacitor lengths. 
Thus, in a potometer tube, change, Al, in component 
capacitor length is a composite term 
Al = Al 
temp 	plant 
+ Al 	 ... 4.8 
where Aitemp = a temperature induced change in component 
capacitor length 
Al plant= a change in component capacitor length due 
to water uptake by the plant. 
Then (eqn 4.7) 





Since CT = C 1 + C2 is a function of component 
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Figure 4.4 	Specific Volume of Water vs Temperature 
(Kell, 1967) 
C1 + AC.. = C1 + (ACT)temp + (ACT)plant 




This means that a fractional change,
I 
 , in total capacitance, 
C1 , due to water uptake by the plant is confounded by simultaneous, 
temperature induced, fractional changes in component capacitance. 
The following section describes one electronic circuit for 
measuring capacitance, whose output is largely independent of 
such temperature induced gain. 
M. 
4.3 	CAPACITANCE MEASURING SYSTEM 
The capacitance measurement system described below is 
designed to overcome the problem of temperature induced change 	p 
in the capacitance signal. 	It features the ratio of sensing 
capacitance, C s , to compensating capacitance, C c , such that 
tempe-rature induced changes a-rela-rgeiy ei-i-mi-nated. 
The sensing transducer is the coaxial capacitor of Section 
4.2. 	Change in sensing meniscus position, Alwaterl  is due to 
both temperature induced volume change, Altempl  and water uptake 
by the plant, Al 
plant'The 
 compensating transducer is 
constructed in an identical manner to the sensing transducer but 
contains a constant mass of water, such that meniscus movement, 
in the comensatina transducer is entirely due to 
wQc, 	 . 
temperature induced volume change, Altemp. 
A block diagram and associated waveforms of the measurement 
circuit are given in Figure 4.5. 	(Circuit action and circuit 
diagrams are found in Appendix IV.) 	The oscillator and timer 
stages are based on '555' timing circuits. 	The period T of the 
oscillator is directly proportional to the compensating capacitance, 
C. 	The timer stage is triggered by the falling edge of the 
differentiated oscillator waveform. 	Timer pulse width, T, is 
directly proportional to the sensing capacitance, C,  and hence, 
(eqn 4.5), to meniscus position, 1water' 
 in the sensing tube. 
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Figure 4.5 	Block Diagram Capacitance Measuring Circuit 
with Waveforms, Section 4.3. 
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smoothing circuit and the integrated voltage, V 0 , is 
proportional to l/T 
V0 = Vref•T/T 
	 ... 4.11 
where Vref = the pulse height voltage. 
- 	Thus, V. is proportional to meniscus position, 1water'  in the 
sensing tube. 	The relationship V0  0C  C5 was verified experimentally 
(Figure 4.6). 
If K S and K c are proportionally constants then 
V0 = Vref•T/T = V ref•Ks C5 /(K C) 	... 4.12 
Let AV and AC denote voltage and capacitance changes respectively, 
then 
Vref . K C 5 (l + —C — ) 
V0 (i +—.) = _______________ 
V 0 	K C(1 
• c 'c'• 	I C 
Vref . K s C5 AC 	 LC 
K c C 
+ higher order terms) 
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Figure 4.6 	Experimentally Obtained Performance of Capacitance 
Measuring Circuit : Output Voltage, V 02 vs 
Sensing Capacitance, C, (Section 4.3). 
Compensating Capacitance, C c  = 200 pF; 
Vref = +12 V. 
p 
The derivations of fractional change in sensing and 
compensating capacitance respectively are (eqn 4.10) 







	(AC c) temp 
4.15 
= c c 
Thus, where temperature induced fractioi,al change is the 
same in both sensing and compensating capacitance, eqn 4.13 
becomes 
AU 	 I.I 
Lv0 
- 	 'sp1ant 
Cs 
.. 4.16 
Thus, the above measurement system substantially 
compensates for temperature induced change in Lhe sensing 
capacitance, C, such that a fractional change , 
in output voltage, V 02 equals the fractional change, 
(ACS)plant/Cs, in sensing capacitance due to water uptake 
by the plant. 
F 
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4.4 	REFILLING THE POTUMETER TUBE 
The output voltage, V 0 , of the capacitance measuring 
circuit is used to control a solenoid operated valve, which 
replaces the manually operated tap between reservoir and 
sensing tube-in the standard assembly. 	When V 0 reaches 
some preset. low. vaT.ue, V 2 , as. the sensi-ng -me ri-iscus recedes, 
the valve opens allowing water to flow from the reservoir 
to the sensing tube. 	As the sensing tube fills, V0 attains 
a high preset value, V 1 , at which point the valve closes. 
The solenoid state is controlled by a 'Schmitt trigger' 
circuit whose voltage hysteresis, VH( = V 1 - 	is 
equivalent to the desired sensing volume range. 	The circuit 
action is described in Appendix V. 
The output of the capacitance measuring circuit is thus 
a series of voltage ramps whose gradients are proportional 
to the rate of volume uptake by the potometer plant, 
Figure 4.7. 
- 
V 1 ___N_LN_L_N__N___ 
V 2 
• Figure 4.7 	Output V 0 of Capacitance to Voltage Converter vs. 
• 	 time for a Variable Rate of Water Uptake by the 
Potometer Plant (Section 4.4). 




4.5 	DISCUSSION OF MEASUREMENT SYSTEM 
4.5.1 Choice of Transducer 
The measurement of liquid level is a problem common to 
a large number of industrial processes and consequently a 
large number of liquid level sensors have been developed. 
Oliver (1971) provides a useful summary of the relevant 
transducer operating principles. 	Of those listed, capacitor, 
float-type, optical and sonic principles may all be of some 
relevance to measuring meniscus position in a potometer tube. 
Capacitive transduction is used here, largely on grounds of 
easy and inexpensive construction. 
Initially, two capacitor configurations were investigated 
the coaxial assembly of Section 4.2; 
an approximate parallel plate capacitor. 
Since greater sensitivity to meniscus movement was 
achieved with coaxial transducers than with parallel plate 
capacitors, a coaxial assembly was adopted. 	Certain 
features of the coaxial capacitor should be noted 
(i) 	In utilising a vessel or container as a coaxial 
capacitor, it is often appropriate (Beck, 1967) to have the 
vessel wall at earth potential and the central electrode as 
the charging plate. 	In a potometer however, the plant shoot 
system makes electrical contact with the inner electrode of 
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the potometer tube via the water path and thus the proximity 
of external objects to the shoot system affects the 
capacitance. 	It is thus more appropriate to earth the 
central electrode and to incorporate an external charging 
plate (Figure 4.1). 
(ti) - The posttioning of the inner electrode is not 
critical in defining the transducer sensitivity in terms of 
capacitance per unit length. 	Thus the assembly need not be 
strictly coaxial. 	This particularly useful construction 
feature was observed experimentally. 
Coaxial assemblies are generally subject to the 
phenomenon of 'receeding fiüwback' Miner, 1960), in which 
water sticks to the central electrode, constituting a capacitance 
error term as the column is withdrawn. 	This was not however 
a problem at the low withdrawal rates encountered in experimental 
work of this thesis (Chapter 5). 
In order to reduce flow interference by the central 
electrode, it is necessary to employ a larger inside tube 
diameter than in the standard potometer tube, and then to 
position the tube vertically. 	As the water column varies in 
length, 1water'  (equivalent to a change in height, h,(eqn 1.2) 
Section 1.2.2), there is a corresponding variation, ip, in 
water potential, p, at the base of the cut shoot 
07 
= h 	pg - hmin pgmax 
(hx - h)pg 	 ... 4.17 
where h max,min = limits of meniscus movement in the 
potometer tube 
p = density of water 
g = acceleration of gravity. 
The magnitude of this Ai term is small (eg, Aip = 0.01 bar 
for a 10 cm meniscus transition) but it does assume 
importance in modifying shoot water potential gradient in 
small shoots with small gradients. 	To minimise Ai (eqn 4.17) it 
is necessary to reduce the meniscus transition range (h jax - hmi n ) 
4.5.2 Implementing the Measurement System 
One pôtônieter design which implements the temperature 
compensating features of Section 4.3 is a modification of 
the standard assembly (Figure 2.1) in which the sensing 
capacitor replaces the potometer tube. 	In this configuration, 
sensing meniscus position is subject to volume change in the 
total potometer water body. 	The compensating capacitor is 
connected to an equal volume of water to that connecting 
transducer and shoot in the sensing assembly (Figure 4.8). 
In implementing the design, a number of factors limit the 












Cmax 	 - 
compensating assembly 
capacitance = Cc 
Figure 4.8 	Sensing and Compensating Assemblies of an 
Automated Potometer, Section 4.5.2. 
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the temperature differential between sensing 
and compensating assemblies; 
the inequality of temperature induced fractional 	S 
changes in sensing and compensating capacitance 
(eqn 4.13); 
the temperature coefficient of circuit components. 
By close physical mounting of sensing and compensating 
volumes (Plate 4.1), such that they experience the same ambient 
temperature gradients, the temperature differential between 
sensing and compensating assemblies is minimised. 	Where 
sensing and compensating volumes are equal, meniscus position, 
water' is the same in both sensing and compensating capacitors. 
Then, temperature induced fractional change in capacitance is 
the sane for both transducers and the capacitance to voltage 
converter output is temperature stable (eqn 4.13). 	This is the 
case for Cc = Cs  = Cmax in Figure 4.8. 	However, as water is 
taken up by the plant, sensing capacitance, C, approaches Cmi n 
(Figure 4.8), at which point, temperature induced fractional 
change in the sensing transducer is no longer equal to that in 
the compensating. 	Thus, although close temperature tracking 
of sensing and compensating assemblies may be such that 
temperature induced fractional changes in dielectric constant 
and water volumes are identical in the two assemblies, the 
resultant fractional changes in capacitance may not be equal. 
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The inequality may in fact be large, constituting a serious 
source of error in meniscus position measurement. 	The 
magnitude of the error term is given by 
AV 
0 	 AC  
- 	= 	- 	
... 4.18 
and may be reduced by having a small sensing capacitance 
range about some large capacitance. 	In practice, this 
means having a small meniscus transition range in a largely 
water-filled sensing transducer. 
The significance of the capacitance to voltage converter 
(Section 4.3) is in eliminating the temperature dependence 
of the capacitance signal from the circuit output. 	There 
does, however, exist a residual error term associated with 
the temperature dependence of other circuit components. 	In 
an attempt to reduce this latter term, the capacitance to 
voltage circuit features 
(1) 	the oscillator and timer circuits built around 
a dual '555' monolithic timing circuit, namely 
the '556'; 
metal film resistors in the timing stages; 
COS/MOS inverter gates at the output of the timer 
stage, stabilising the circuit output, V 0 , 




The assembly of Plate 4.1 featuring the coaxial transducers 
and measurement circuit of Sections 4.2 and 4.3 respectively, 
was tested for output voltage, V0 , drift in a controlled 
temperature environment (+5 °C to +300C). 	Over this 
temperature range a change in output voltage of 0.9 V was 
determined. 	This V0 drift is equivalent to a 0.27 cc volume 
change and thus, for this particular assembly and circuit 
values, volume changes in excess of 0.27 cc may be resolved 
within the above temperature range. 
The above assembly does, however, have a number of 
drawbacks 
It is not readily adapted to large (eg, >1 cm 
diameter) stems. 	This is an important consideration where 
volume flows are to be measured in a large range of stem 
sizes (Section 2.4). 
The supporting frame with transducers and 
reservoir limits the applicability of the assembly in 
experimental work, eg, it may interfere with light and wind 
profiles about the plant. 
An alternative potometer design which realises the 
temperature tracking features of the measurement circuit 
theory, is to mount the plant with sensing and compensating 
capacitors in the one container, such that sensing meniscus 
is that of container water (Figure 4.9). 	Then, fractional 
change in container water volume equals the fractional change 
101 
water uptake 
by plant stem 
1II 











C 5 range 
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Figure 4.9 	Potometer Assembly with Compensating and Sensing 
Transducers on the One Tube, Section 4.5.2. 
(Capacitor Leads not Shown) 
102 
in transducer water volume, which equals the fractional change 
in sensing meniscus position. 	Over the temperature range 
+59C to +300C, the fractional change in volume of any mass of 
water is very small (approximately 0.004). 	Hence, the 
maximum temperature induced, fractional change in sensing 
meniscus position is also equal to 0.004. 	In transducer 
design, this very small error term may be ignored and thus, 
the temperature dependence of the capacitance signal is 
attributable to the temperature dependence of dielectric 
constant alone (eqn 4.7). 	Then the measurement system may 
be implemented by a potometer design in which sensing and 
compensating capacitors are fabricated on the one transductive 
tube (Figure 4.9). 
In the temperature compensated system, the fractional 
change in output voltage, AV0 /V0 , is equal to the fractional 
change, (ACS)plant/Cs , in sensing capacitance due to water 
uptake by the plant (eqn 4.16). 	Thus, for a range of 
container sizes, the fractional change in output voltage is 
proportional to the fractional change in container water 
volume due to water uptake by the plant. 	To ensure a 
linearity between output voltage and, container water volume 
it is necessary to ensure that the meniscus traverses a 
constant cylindrical section of plant stem. 	This may 
readily be achieved by encasing a length of plant stem in a 
cylindrical collar (Figure 4.9). 
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This potometer design is applicable to a large range of 
stem and container sizes. 	With larger container diameters, 
the volume resolution is lower but remains appropriate to the 
larger volume flow rates of larger stems. 	The choice of 
potometer assembly will depend upon the volume resolution 
which is required. 	For larger stems, with larger volume 
flow rates, the container assembly is most appropriate, 
here volume changes in the order of 1 cc may be resolved. 
Where a higher resolution is required the preceeding modified 
potometer assembly is more appropriate. 	In fact, most of 
the error tern associated with the preceeding assembly is due 
to the temperature dependence of the water volumecontained 
within the solenoid operated valve. 	A much higher resolution 
would thus be obtained with this assembly if the reservoir 
facility was removed. 	This might be appropriate in studying 
the dynamics of water uptake in small (eg, single leaf) shoots. 
In potometer studies, the usefulness ofa continuous 
record of meniscus position alone, is somewhat limited. 	Of 
more significance would be a direct measure of volume flow 
rate. 	This might be implemented by feeding the output voltage, 
V0 , to an analogue differentiator but, because of the extremely 
small changes in volume flow rate likely to be encountered, 
the S/N ratio (and hence the resolution of volume flow rate) 
is predictably low. 	One alternative is to periodically store 
F 
the circuit output, V 02 and to difference present and stored V 0 
values. 	This could be inexpensively realised by AID and D/A 
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hardware stages of appropriate resolution. 	Of much greater 
use would be a microprocessor based system for the intelligent 
control of V 0 data acquisition and its analysis. 
However, in order to demonstrate the usefulness of 
potometer data in the calibration of a heat transfer meter, 
a record of analogue output voltage, V 0 , proportional to 
sensing capacitance, C 5 , is adequate. 	The following chapter 
provides an initial assessment of such a system and discusses 
the implication of experimental results. 
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CHAPTER 5 : CALIBRATION OF A SAP FLOWMETER FOR VOLUME FLOW 
RATE FROM POTOMETER DATA 
Abstract : A simple model of water uptake by the potometer 
plant is developed and a range of volume flow 
rate accommodating that of the intact plant is 
predicted. 	The principle of calibrating a 
heat transfer meter from potometer data is 
demonstrated for a range of volume flow rate 
typical of an intact plant. 	Experimental 
results show that in some instances potometer 
plant uptake rate may be substantially reduced 
due to pathway blockage at the cut stem base. 
Calibration trials should thus initially be 
made in conjunction with porometer data on 
stomatal conductance, to assess the tracking of 




This chapter describes the calibration of a heat transfer 
meter (Chapter 3) for volume flow rate as measured by an 	
7 
automated potometer (Chapter 4). 
Section 5.2 discusses a simple predictive model comparing 
water uptake rates in potometer and intact plants. 
An experimental calibration is described in Section 5.3 
and the limitations of the method are discussed. 	Because of 
the small (1 cm) stem diameter employed, a radial array of 
thermal transducers was not feasible. 	Thus, variation in the 
conducting cross-sectional area and in the heat pulse velocity 
(HPV) profile are not monitored. 	The measured HPV is taken 
to be an average value. 
A comparison of potometer and intact plant transpiration 
rate is made in Section 5.4. 	The experimental results are 
discussed in relation to the results of Section 5.3 and to 
the findings of other workers. 
Conclusions are reached (Section 5.5) concerning the 
validity of potometer data in calibration experiments. 
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5.2 	SOME THEORETICAL ASPECTS OF POTOMETER PLANTS 
Consider the occurrence of two identical, intact plants 
experiencing the same constant evaporative load. 	The values 
of sap volume flow rate Q (m s) in the two plants 
(Figure la) are equal to the steady state transpiration flow 
pl - PW 
Q 	= ... 5.1 
+ R5 
where 	= the leaf water potential of the intact plant 
(bar) 
= a constant soil (root) water potential (bar) 
R 
	
	= a constant hydraulic resistance of the root 
(bar sF11 3 ) 
1 P 	= a constant hydrau1ic resistance vi wie sIiuu 
(bar snl 3 ) 
With the evaporative load constant, one shoot system is 
now excised and established in a potometer. 	Assume the water 
potential of potometer water at the base of the cut shoot to be 
that of soil water, ip,. 	Let p'.1  and Q' denote leaf water 
potential and volume flow rate respectively in the potometer 
shoot. 	At time of cutting (t = t 0 ; Figure 5.1), leaf water 
potential, i1, of the intact plant equals that of the potometer 
plant, p'1. 	Thus, the instantaneous (t = t 0 ) value of volume 











Figure 5.1 	Hypothetical Volume Uptake Rate vs Time, Section 5.2 
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= pl - pw 	 - 	
... 5.2 
0 	R 
Comparison of eqns 5.1 and 5.2 shows the instantaneous 
volume flow rate 	of the cut shoot to be greater than that 	-' 
0 
	
) of the intact plant. 	The magnitude of this increase 
0 




o o 	R5 	R r 
 + R s 
= (qjl- ipw)Rr 
(Rr + RS )RS 
= Qt0 Rr 	
... 5.3 
R 







= 	t CI + T: -- ) 	 ... 5.4 
0 	s 
This increase in cut shoot volume flow rate is, however, 
transient (Figure lb). 	The increased volume flow rate through 
the shoot system to the leaf increases the cut shoot leaf 
water potential 
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111)111 	< 	111)11 	••• t > to 	 ... 5.5 
such that the water potential drop across the cut shoot is now 
less than that across the intact plant 
	
I('i -)I 	< - 	•.. t> to 	... 5.6 
/ 
This increase in 
a reduction in p 
Q' will continue 
flow rate of the 
Q in response to 
is attained, (t 
' J l 	w 
R5 
potometer leaf water potential will effect 
Dtometer volume flow rate Q'. 	The decay in 
(Figure 5.1b) until such time as the volume 
cut shoot Q' equals that of the intact plant 
the one evaporative load. 	When this equality 
= t 1 ), then 
1 )1 - P I 
= 	 VY 	
... 57 
R S + R  
Consider now an increase in sap volume flow rate Q and  Q' 
in response to an increasing evaporative load (Figure 5.1c). 
Initially, the increase in volume flow rate in cut shoot and 
intact plants will be the same and the equality of eqn 5.7 is 
maintained. 	Assocaited with the increased evaporative flux 
from the plant shoot body, however, is a reduction in leaf 
water potential. 	At some critically low value, 	of leaf 
water potential, the stomata will start to close and the 
transpiration rate of the shoot will decrease. 	However, a 
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decreasing rate of volume uptake by the plant continues in 
response to the decreasing water potential gradient and 
effectively recharges the shoot system, such that leaf water 
potential increases above i, the stomata re-open and 
transpiration rate increases. 	Thus, cyclic variations in 
leaf-water potential, stomatal aperture, transpiration rate 
and volume uptake rate by the plant are to be expected under 
conditions of high evaporative demand (Figure 5.1c). 
Significantly, 	is attained firstly in the intact plant. 
Thus, where 	has been attained in the whole plant but not in 
the potometer shoot, transpiration rate of the potometer plant 
will exceed that of the intact. 	Let 
umax  and 	max  denote 





max - Rr +Rs 
and 
4' - 	c -4'w 
"max D 
"S 
Thus the difference in maximum volume flow rates is 
QI  max 	umax 	
lp c - 4'w 
- =  
R5 	Rr+Rs 
= 	rnax 	Rr 
... 5.10 
and maximum volume flow rate in the cut shoot is given by 
QI max 
	
	max(1 + 	 ... 5.11 = 
R 
In conclusion, at low evaporative loads, volume flow rate 
in the potonieter plant is that of the intact plant but, as the 
evaporative load increases, volume flow rate in the potometer 
plant will eventually exceed that of the whole plant. 	It is 
thus reasonable to assume that the range of volume flow rate in 
a potometer plant accommodates the range of volume flow rate in 
the whole plant of equal dimensions. 	Thus, calibration of a 
sap volume flow rate meter from potometer data should 
accommodate a range of volume flow rates relevant to the intact 
plant. 
In deriving the above equations a number of simplifying 
assumptions are made which may limit the applicability of the 
model 
(i) 	The control of transpiration rate and water uptake 
by the plant is discussed in relation to stomatal opening as 
controlled by leaf water potential. 	However, stomatal opening 
is not a sole function of leaf water potential (Section 1.2.3) 
and thus a discussion of water loss and uptake rates in relation 
to leaf water potential alone, is inadequate. 
113 
R 
The ratio of root to shoot resistance, 	, is 
assumed constant. 	There is, however, evidence' in support of 
a variable plant hydraulic resistance (Section 1.2.3). 	Only 
if such a resistance change is uniform throughout the plant 
R 
body would the ratio 	remain unaltered. 	Where this is 
not the case, the above quantitative predictions are invalid. 
In deriving the equations it is convenient to 
assume an equality between soil and root water potentials, ip,. 
In practice, a several bar discrepancy between the values is 
possible (Section 1.2.2) and thus the 	equality is only 
approximated. 
Although the above assumptions constitute a variably 
large source of error in the predictive equations, the model is 
presented as a qualified statement in support of potometer 
plants in calibration studies. 	The following section describes 
one such study. 
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5.3 CALIBRATION OF A HEAT TRANSFER METER FOR VOLUME FLOW 
RATE FROM POTOMETER DATA 
This section demonstrates a volume flow rate calibration 
system using the heat transfer system of Chapter 3 and the 
automated potorneter of Chapter 4. 	A schematic diagram of the 





A 4 year+ potted Sitka spruce plant was established in a 
cold glasshouse environment. 	The plant was considered 'healthy' 
as evidenced by continued shoot extension growth. 	The entire 
shoot system was then excised and transferred to the automated 
potometer of Plate 4.1. 	The cutting and establishment procedure 
are described in Appendix VI. 
(ii) Heat Transfer Meter 
The heat transfer measurement system of Chapter 3 was 
implemented on the potometer plant. 	A small (approximately 1 m 
diameter) stem drilling was made along a stem diameter towards 
the base of the cut shoot. 	Into this drilling a line heater 
(Section 3.2) was inserted. 	Two further radial drillings 
(approximately 3 mm deep) were made at spacings of approximately 
5 mm below and 7.5 mm above the line heater. 	These latter 
drillings were filled with heat sink compound into which a 
H 20 	 heat 
reservoir  
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I 	C s 	 I thermisto
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I________ 	 i amplifier  
circuitry r_  C c assembly [ 	 V12 
5' 
V0 	Cc;/Cc 	 Vdj.ff = VT - V1 
-. 
'-'1 
Figure5.2 	Schematic Diagram of Calibration System, Section 5.3 
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thermistor assembly was inserted. 	The entire heater-thermistor 
assembly was then thermally insulated from localised ambient 
air temperature fluctuations, by a polystyrene collar about 
the plant stem. 
(iii) Collection of Data 
The calibration system was left for several hours after 
establishment. 	This allowed for 
a check on the performance of the potorneter assembly. 
a check on the stability of the heat transfer system 
output, (Vdjff = V1 - VT; Section 3.3). 
The collection of calibration data was made over a 12-hour 
period. 	It involved 
a continuous chart recording of potometer circuit 
output and the subsequent conversion of this data 
into rate information. 
a periodic sampling of heat transfer within the plant 
stem, for the range of volume uptake rates measured by 
the potorneter. 	The heat supply (6.25 W for 2 s, ie, 
12.5 ) was in the single shoot, manual mode (Section 3.2). 
The time delay t3 (Section 3.1) was measured by a stop 
clock in conjunction with D.V.M. observations. 
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(iv) Transpiration Data 
At the end of the calibration run, total needle surface 
area was determined, in order to calculate transpiration rates 	-, 
on a leaf area basis. 
5.3.2 Results 
Prior to the collection of calibration data, a continuous 
chart recording of potometer output registered an uptake of water 
by the shoot system. 	This resulted in the predicted emptying 
and filling cycle of the potometer sensing tube (Figure 4.7). 
A check on the stability of the thermistor differential 
amplifier output, demonstrated a close ambient temperature 
tracking at the two thermistor sites. 
Calibration data are presented in Figures 5.3 and 5.4, from 
which it may be seen that volume flow rate, Q, is linear function 
of reciprocal solution time, 
A maximum transpiration rate, per unit leaf area, of 
8 mg cmhr was recorded over the calibration period. 
5.3.3 Discussion 
Inspection of Figure 5.3 shows that at the maximum recorded 
volume flow rate, Q = 6 cc hr 	solution time, tD  is equal to 
60 s. 	Solving for heat pulse velocity, HPV, (eqn 2.6) 
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Figure 5.3 	Experimental Plot of Solution Time td  vs 
Volume Flow Rate Q as easured by a 














1 	2 	3 	4 	5 	6 	7 
Q (cc hr- 1 ) 
Figure 5.4 	Experimental Plot of Reciprocal Solution Time 
t 	vs Potometer Volume Flow Rate, Q (Section 5.3). 
The Regression Line of t 	on Q is 
t 	= 0.00275 Q + 0.001 
with a correlation coefficient of +0.97 
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HPV = (x - x')( 2 tD) 
	
HPV = 	1.25 ) cm s' 
120 
= 37.5 cm hr 
It is relevant to compare the maximum experimental HPV value 
of 37.5 cm hr 	with a predicted sap velocity, u. 	Solving 
for (kc CA) (eqn 2.12) 
k . CA = Q . (HPV) 
E 	k .CA = 	
6 	)cm2 
C 	 37.5 
= 0.16 cm  
Now, the experimental stem diameter is approximately 1 cm 
and thus the stem cross-sectional area equals 0.785 cm 2 . 
Assuming a 4 year+ Sitka spruce stem to consist entirely of sapwood 
and assuming a 7% sapwood area to be that fraction occupied by 
moving sap (Petty, 1970), the conducting cross-sectional area, 
CA, is then equal to 0.055 cm 2 . 	Thus, solving for the 
calibration constant, k  
k 	= Q(CA . HPV)_ 1 
= 2.9 
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Thus (eqn 2.12) 
Q = 2.9 CA . HPV 	 .... 5.12 
But volume flow rate, Q, is also equal to the product of 
conducting cross-sectional area, CA and sap velocity, u. 
Thus, from eqn 5.12 
u = 2.9 HPV 
	
5.13 
A sap velocity of 109 cm hr 	is thus predicted for the 
maximum recorded volume flow rate, Q (Figure 5.3). 
Two points emerge 
A sap velocity of 109 cm hr approximates the 
maximum recorded sap velocity in spruce (Picea abies) 
of 120 cm hr 	(Bolton, 1976; Section 1.2,3, Table 1.1 ). 
The calculated ratio of sap velocity, u, to heat pulse 
velocity, HPV, is approximately 3:1, which is the 
ratio predicted by Marshall (1958) for conifers. 
Thus, it would appear that heat transfer within the plant 
stem is of the generally expected form. 
However, of considerable limiting significance to the 
general applicability of the heat transfer system in sap flow 
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measurement, is the lack of one to one correspondence between 
potometer and heat transfer data (Figure 5.4). 	A number of 
potential error sources may contribute to this lack of fit 
(1) 	The heat transfer measurement, tD1  is for a small 
period of time and thus refers to an assumed instantaneous value 
of sap volume flow rate. 	Potometer data however, are presented 
here (Figures 5.3 and 5.4) as time averages about the heat 
transfer sampling point. 	An instantaneous t   value does not 
necessarily correspond to the average potometer reading, Q, and 
thus a lack of linear fit is to be expected. 
A variable difference in the thermal diffusivities 
of the wood-water matrix at the two thermistor sites would result 
in a range of solution times, tD  corresponding to the one volume 
flow rate, Q. 
Although thermal insulation about the heat transfer 
measurements site substantially eliminated differential ambient 
temperature drift between the two thermistors, the observed 
residual drift constitutes a variable error term in the tD 
measurement. 
The accuracy of the stop clock measurement may limit 
the resolution of solution time, tD  at small tD  values. 
It seems likely that all of the above potential error 
sources will contribute to the experimental variation about the 
regression line of t 	on Q (Figure 5.4). 	The effect is to 
-I 
limit the volume resolution of the heat transfer measurement 
system since, at large volume flow rates, Q, error in the t 0 
measurement corresponds to a large error in the Q estimate, 
(Section 2.3.2). 
Although -the principle of the calibration system has been 
demonstrated, it is not certain that the range of volume flow 
rate in the experimental potometer stem is relevant to that of 
the intact plant. 	The following section describes an experiment 
in which the transpiration rate of potometer and intact Sitka 
spruce plants is compared. 
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5.4 	EXPERIMENTAL COMPARISON OF TRANSPIRATION RATES IN 
POTOMETER SHOOTS AND WHOLE PLANTS 
The aim of this experiment was to compare the pattern 
of transpiration rate in potometer plants with that of 
intact plants. 
5.4.1 Method 
Twelve, potted 4 year+ Sitka spruce plants, showing 
apparently healthy, current year's growth, were selected from 
a nursery population. 	The plants were watered to field 
capacity and the pots then stood in polythene bags secured 
about the stem base. 	Subsequent water loss was thus assumed 
to be that of transpiration. 	The plants were then established 
in a cold glass house at which time a record was made of 
the weight of each potted plant at field capacity; 
current leader and side shoot extension growth of 
each plant. 
Two of the potted plants were selected for a study of 
diurnal pattern of transpiration loss. 	These plants were 
weighed at hourly intervals and had shoot extension monitors 
(Mime, Smith and Ford, 1977) attached to them. 	At 24 hour 
intervals all twelve plants were measured for 
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water loss as determined by weighing; 
leader extension growth. 
The potted plants were restored to field capacity every 
two days throughout the experiment. 
On Day 3 of the experiment, six of the twelve plants were 
selected as experimental potometer plants. 	One of the two 
plants whose hourly pattern of transpiration rate and shoot 
extension growth were being monitored, was established in the 
automated potometer (Appendix VI). 	The other plant which was 
being measured hourly remained intact as one of the six potted 
controls. 	The excised shoot systems of the five remaining 
experimental plants were set in calibrated flasks of water 
which were replenished as necessary. 	Water uptake by the six 
experimental plants and measurements of leader extension were 
recorded daily, along with the weight and leader extension of 
the six potted control plants. 
Solarimeter data were collected continuously above the 
canopy surface for the duration of the experiment. 
At the end of the experiment, total needle surface area 
was determined for each of the twelve plants. 
5.4.2 Results 
Throughout the experiment, there was no measureable 
increase in side shoot or leader length in either experimental 
or control plants. 
A comparison of experimental and control plant 
transpiration data is found in Table 5.1. 	A plot (Figure 5.5) 
of average transpiration rate per unit radiation is made on a 
daily basis for experimental and control plants. 	The average 
control transpiration rate per unit radiation is seen to vary 
about a mean value (approximately 0.020 mg mW 1 hr 1 ) whilst 
the experimental rate has decreased to a low value 
.(approximately 0.003 mg mW 	hr-1 ), after cutting. 
Two-hourly averages of solarimeter output and experimental 
transpiration rate are presented for the entire experimental 
period (Figure 5.6). 	Control data are - plotted for Days 1, 2, 
3, 6 and 9. 
5.4.3 Discussion 
In plotting experimental transpiration data (Section 5.4.2), 
the assumption is being made that water uptake by the potometer 
plants may be equated with their transpiration loss. 	The 
apparently small quantity of water involved in growth processes 
(as evidenced by a lack of extension growth) is to be expected, 
due to a decreasing daylength during the experimental period 
126 
AVERAGE TRANSPIRATION RATE 
TOTAL PER UNIT LEAF AREA 




(MW cm 	) EXPERIMENTAL CONTROL 
1 211 3.13 3.50 
2 364 4.25 4.96 
3 202 1.16 4.63 
4 280 0.92 4.67 
5 120 0.58 2.63 
6 154 0.67 3.17 
7 239 0.71 3.92 
8 198 0.58 3.67 
9 18:3 0.63 4.08 
AVERAGE TRANSPIRATION RATE 
PER UNIT RADIATION 
(mg mw -  hr 1 ) 











Table 5.1 	Experimental Results, Section 5.4.2 (Experimental Plants Cut and Established in Potometer 
at End of Day 2) 
0.015 
• mg mW 	hr 1 
0.010 
0.005 
-: 	.. 	128 
1 	2i 3 . 4 	5 	6 	7 	8 	9 
day 
cut 
Figure 5.5 	Average Transpiration Rate per Unit Leaf Area per 
Unit Radiation Flux (mg mW 1 hr) ofIntact and 
Potonieter Plants vs Time (Days) 
I • I 	intact plants 	
•0• 
potometer plants (cut at end of Day 2) 
15 
Figure 5.6 	Pattern of Transpiration Rate  control transpiration 
per Unit Leaf Area, with 
14 Solarimeter Data, potometer transpiration 
Section 5.4 
13 S . S 
: 	 . solarimeter data 
12. 









(July 13 - 21), which is associated with the onset of dormancy 
in Sitka spruce (Lines and Mitchell, 1965). 	Thus, the rate of 
water uptake was largely that of transpiration and storage. 
Although the storage value may vary slightly, it is assumed 
here to be constant. 	Thus the assumption of steady state 
transpirational flow is made and a comparison with control 
plant transpiration data is possible. 
The most striking feature of the experimental results is 
the large reduction in the average transpiration rate per 
unit radiation of the experimental plants after cutting 
(Figure 5.5). 	This reduction contrasts with the proposed 
increase in potometer plant transpiration, over that found 
in intact plants, at high evaporative loads (Section 5.2). 
Inspection of Figure 5.6 shows that this reduction in 
transpiration rate per unit radiation occurs within one or 
two hours of cutting and establishing the potometer plant, 
although there is some evidence (Figure 5.5) of a continuous 
reduction over several days. 	Interestingly, other workers 
have observed a similar reduction in transpiration rate in 
potometer stems after cutting (Grace, 1978, personal 
communication, working with birch stems; Roberts, 1978, 
personal communication, working with pine stems). 	Both these 
workers have observed that by recutting the base of a potometer 
stem, a partial, temporary recovery of transpiration rate is 
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possible, indicating that the reduced transpiration rate 
is attributable to an increase in pathway resistance at the 
cut stern base. 	A number of factors may contribute to such 
an increased hydraulic resistance 
(1) 	Many (coniferous) plants secrete resins in 
response to tissue injury, ( Esau, 1960). 
Resin deposition at the cut base would block the water uptake 
pathway. 
It is possible that air embolisms may effectively 
block tracheid or vessel conduction pathways. 	The embolisms 
may largely be confined to the severed tracheids since there 
is evidence (Gregory and Petty, 1973) that bordered pits in 
conifer xylem prevent gas embolisms from ascending the stem. 
A physical blockage of tracheid bordered pits 
might occur because of residual tissue debris in the potometer 
stem after cutting. 
All of the above three factors would effectively reduce 
the exposed conducting cross sectional area of the stem and 
thus increase the resistance to water uptake. 	Recuttirig the 
stem would remove the resistance but the new surface would 
in turn be subject to the above blockage factors. 	Thus 
any recovery of transpiration rate would be temporary. It 
seems likely that at any one time all three factors may be 
contributory. 
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It is interesting to compare the maximum transpiration 
rate (8 mg cm- 2  hr- 1 ), recorded for the potometer plant in 
the calibration experiment of Section 5.3, with the larger 
control transpiration rates of Figure 5.6. 	On occasion, 	-' 
(Days 1 and 6; Figure 5.6), the control plant transpiration 
rate was much larger (15 my cm-2 hr) but such large values 
were of short duration, following the second peak of a 
'double' radiation load. 	In these instances, it may be 
postulated that prior to the - second radiation load, a reduced 
stomatal conductance, in response to a reduced light intensity, 
would enhance recharging of storage sites in the plant. 	A 
subsequent step change to a high radiation load would then 
result in exceptionally large transpiration losses, as water 
is lost from storage to the main transpiration stream, via an 
assumed small pathway resistance. 	If the large (15 mg cm -2 hr) 
value is considered exceptional, then the range of transpiration 
rate (approximately 1 - 8 mg cm-2 hr) recorded in the 
calibration plant (Section 5.3) approximates more closely that 
of the control plant of this experiment, than that of the 
experimental potorneter plant (Figure 5.6). 	It may be 
concluded, that the calibration experiment (Section 5.3) was 
for a range of volume flow rate typical of an intact plant of 
similar dimensions. 
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5.5 	THE VALIDITY OF POTOMETER DATA IN CALIBRATION STUDIES 
The data pertaining to water uptake rate in potometer 
stems is contradictory with regard to its implication for 	-, 
potometer calibration studies. 	The experimental results of 
Section 5.4 demonstrate that on severing and establishing a 
shoot system in a potometer, a substantial reduction in 
transpiration rate may be effected. 	There is evidence 
(Section 5.4) to suggest that this is attributable to a large 
hydraulic resistance developing at the base of the cut shoot 
in series with the transpiration stream. 
However, the extent of this reduction in transpiration 
rate is variable. 	A comparison of intact plant transpiration 
rate (Section 5.4) with potometer shoot transpiration rate 
(Section 5.3) shows the two to be similar. 	Thus, in this 
instance, any increase in pathway resistance to water uptake 
in the cut plant must be small. 	Roberts (in preparation), (1977), 
working with mature Scots pine (Pinus sylvestris) found a 
greater stomatal conductance in potometer shoots than in intact 
plants, but only during conditions of large evaporative 
demand. 	He postulates that under conditions of low light 
intensity, stomatal conductance is light limited and is the 
same in both potometer and intact plants, irrespective of 
leaf water potential. 	When evaporative demand increases, 
leaf water potential assumes importance in controlling 
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stomatal conductance and transpiration rate in potometer 
plants then exceeds that of intact plants. 
Thus, in conclusion, potometer data may provide a useful 
means of calibrating non-destructive sap flowmeters for 
volume flow rate. 	In theory (Section 5.2), the range of 
volume flow rate in a potometer stem should accommodate that 
of the identical intact plant. 	In some instances, the 
theory may in fact be realised. 	However, because a variable 
hydraulic resistance may develop at the cut stem base, 
potometer volume flow rate may seriously underestimate that 
of the intact plant. 	Until such time as the occurrence of a 
variable series resistance due to severing is fully appreciated, 
simultaneous porometer measurements (Section 2.3) should be 
made on intact and potometer plants at the time of calibration, 
thus providing an independent check on the tracking of potometer 
and intact plant transpiration rates. 
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CHAPTER 6: 	CONCLUDING 	CHAPTER 
Abstract: 	From a general review of sap flow measurement 
systems a choice has been made, appropriate to 
Sitka spruce. 	This has necessitated the 
development of an automated potometer in order to 
calibrate a heat pulse meter for volume flow rate. 
Before the potential of the system can be realised, 
investigation is necessary into: 
the nature of the stem sap velocity 
profile. 
the stability of the heat pulse 
meter calibration constant. 
the water relations of potorneter 
plants. 
6.1 	CONCLUDING STATEMENTS 
The contribution of this thesis to the measurement of 
sap flow is three-fold: 
a general review of sap flow measurement systems 
is undertaken. 
a critical choice of system is made for the 
measurement of sap volume flow rate in Sitka 
spruce stems. 
an automated calibration system is described, 
appropriate to the measurement of a large range 
of volume flow rate in a large range of stem 
size. 
A current review of sap flow measurement is particularly 
relevant, since a number of new techniques have been adopted 
since the fairly comprehensive reviews of Rutter (1968) and 
Leyton (1970). 	These techniques pertain to sap flow 
measurement both within the plant stem and external to it. 
With regard to the latter, perhaps the most promising 
approaches are those based on the porometer and fluxatron. 
Both these instruments are associated with techniques which 
are essentially non-destructive to the plant body and cause 
minimal disruption of the soil-plant-atmosphere continuum. 
Indeed, both approaches are of current research interest, 
(Milne & Whitehead; personal communication). 	However, it 
is pertinent to emphasise their current limitations. With 




(1) 	measurement of stomatal conductance is typically 
for one small shoot sample of the plant body. 	There is 
therefore an indeterminate sampling error associated with the 
extrapolation of porometer data to whole crown or (forest) 
stand transpiration rate. 	Investigations are currently being 
made into the stomatal conductance profile of a Sitka spruce 
canopy, (Milne & Whitehead; personal communication), from 
which data, an informed porometer sampling might give a more 
accurate transpiration estimate. 
the collection of poroneter data (e.g. with the 
null balance diffusion porometer of Beardsell, Jarvis and 
Davidson, 1972), is inherently labour intensive, since the 
shoot system must periodically be enclosed in the porometer 
chamber and the air flow through the chamber be controlled. 
Moreover, the necessary determination of leaf sample area is 
a destructive measurement in a coniferous species such as 
Sitka spruce. 	Whilst none of these problems is necessarily 
insurmountable, the development of a reliable automated 
approach is predictably problematic. 
the technique is unsuited to a wet leaf surface. 	LA 
This may prove a severe limitation to the eventual usefulness 
of the approach in routine monitoring. 
The main problems associated with fluxatron studies 
pertain to the transduction of relevant parameter variation. 
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This is particularly the case in measuring high frequency 
fluctuations in vertical wind velocity due to the poor 
response time of fluxatron anemometers. 	Mime (1978) 
suggests that this lack of response accounts for a 15% 
underestimate of sensible heat flux. 	It seems likely that 
the importance of the fluxatron in transpiration studies will 
increase as alternative trarisductive approaches are 
investigated. 	Mime (personal communication) has suggested 
the interesting possibility of measuring evaporative flux 
directly through eddy-correlation between windspeed and 
humidity. 	This would entail the use of fast response (better 
than 0.1s) wind velocity and humidity sensors. 
Despite the difficulties associated with both techniques, 
it does seem likely that both porometer and fluxatron will 
find an increased usage in transpiration studies. 	In recent 
years however, an increased interest has been shown in the 
measurement of sap flow in the plant stem. 	Three new 
techniques have been adopted: 
a magnetohydrodynamic approach 
' 	 'hy ct 	approach 
the measurement of induced electric potential 
gradients. 
In addition, research has continued into the applicability of 
both heat transfer and radioisotope tracer methods. 	In all 
instances, progress in specifying the usage of any one 
measurement system, has proved singularly unsuccessful. 	It is 
J 
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in this context that the ideal remit (Section 2.4) for measuring 
sap flow in Sitka spruce must be seen. 	The declared remit is 
in fact very comprehensive in the range of flow value which is 
to be measured. 	However, in many instances a more detailed 
specification with regard to flow parameters, should be possible. 
For example, if an average transpiration figure for total forest 
usage is required, then the fluxatron approach seems most promising. 
On the other hand, if a detailed study of 'within canopy' 
transpiration is sought, then porometer sampling is more 
relevant. 
The continued interest in 'within stem' measurement is 
largely atributable to the measurement problems associated 
with both porometer and fluxatron. 	However, measurement of 
volume flow rate within the plant stem is associated with a 
unique set of measurement problems, pertaining to system 
disturbance and signal detection. 	In this regard, considerable 
onus is placed on the researcher to specify an instrument 
usage. 	Most important in this respect, are plant size 
(stem diameter), flow pathway, flow range and volume resolution. 
It must be emphasised that the one measurement system is neither 
appropriate to all plant sizes nor to all types of water relation 
study, within a species. 
With regard to the declared remit for sap flow measurement in 
Sitka spruce, a measurement system based on 'heat pulsing' in 
the plant stem was considered most appropriate. This was 
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largely through the possibility of instantaneously defining the 
variable sap conducting cross-sectional area, CA, and of 
deriving an associated average heat pulse velocity term, _PV. 
Then a volume flow rate, Q, may be derived: 
= k.CA.l1VV 	 ... 6.1 
where k is a calibration constant. 
In fact, although there was a predictable evidence of 
error in the estimate of volume flow rate, Q experimental data 
do suggest that the technique merits further research. 	Two 
points should be investigated: 
the assumption of a parabolic velocity profile. 
To this end, a comparison between parabolic 
definition by heat transfer, with that indicated 
by dye transport in stem sections, is recommended. 
the stability of the calibration constant, k. 
Here, two considerations are relevant: 
	
1 	the calibration constant , k, is a function of 
thermal properties of the wood-water matrix. 
Thus an investigation into natural diurnal and 
seasonal variation in k  must be made. 
2 	long term changes in the value of the calibration 
constant, k c due to tissue damage must also be 
assessed. 	There is some evidence, (Swanson; 
personal communication), that this is a function 
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of that time in the growth season, at which 
transducer implantation is made. 
In discussing the need for a reliable method of 	 5 
calibrating othernon- destructive meters for volume flow rate, 
it was concluded that a potometer based approach was most 
	
relevant. 	The particular need is for a calibration system 
whose volume resolution does not seriously limit that of the 
non-destructive meter. 	Moreover, in view of the extensive 
investigations which must necessarily be made into the parameter 
variation of the heat pulse equation (Equation 6.1), it is 
particularly desirable that the calibration system be automated. 
.To this 'end,. a novel, automated potometer has been described, 
the most relevant features of which are: 
(1) 	a continuous record of water uptake, from which 
volume flow rate may be calculated. 
a volume resolution appropriate to volume flow 
rate in different plant sizes, with the one transducer 
design and measurement circuit. 
compensation for temperature induced change in the 
transduced signal, such that volume resolution may 
be specified for a relevant, experimental temperature 
range. 	This latter feature is of particular 
importance to the capacitive measurement system 
adopted, if the volume resolution is to be 
appropriately high, (Appendix VII). 
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In practice. the usefulness of the potometer data in 
calibration studies may not eventually be limited by the 
resolution of the potonieter itself but rather, by the 
failure of the potometer shoot system to accommodate that 
	
range of 	flow rate, typical of an intact plant. 	Experimental 
data, (Chapter 5), are contradictory in their implication here 
but the conclusion is reached that, research into the nature 
of pathway blockage in potonieter shoots is most relevant. 
By way of general conclusion, with regard to the future 
development of sap flow measurement systems, three points are 
noteworthy: 
general specifications for the different approaches 
in sap flow measurement should now be made. 	For example, 
orders of magnitude on volume resolution would be most useful 
but are currently lacking. 	Likewise, definitive statements 
with regard to the potential routine usage of the different 
approaches, should now be possible. 
since there is no one measurement system appropriate 
to all flow studies, the researcher must necessarily be 
familiar with the merits and limitations of all techniques. 
Only then may a truly informed choice of measurement system be 
made, appropriate to a particular study. 
where possible, studies of a comparative nature 
should be made, in which different but relevant approaches are 
simultaneously assessed. 	One study, particularly relevant to 
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this thesis, would be the simultaneous assessment of 
transpiration rate in a Sitka spruce stand by fluxatron, 
porometer and calibrated heat pulse meter approaches. 
APPENDIX 1 
THE PENMAN - MONTEITH EQUATION (SECTION 1.2.3) 
This equation predicts the evaporation rate per unit 
stand area, E, (after Jarvis, 1974) 
sA + CP6e k  
E = 
A(s +Y(1 
where A = the available radiant energy 
C = the specific heat of air at constant pressure 
P 	= the density of air 
1 	LL = ti 	 U 	2 L 2L. . J 	I IL. 
ka = the boundary layer conductance 
A 	= the latent heat of vapourisation of water 
s 	= the slope of the relation between saturation 
vapour pressure and temperature 
y 	= the psychrometric constant 
k,. = the stomatal conductance 
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APPENDIX II 
CIRCUIT DIAGRAMS FOR HEAT PULSE METER 
Figure 1: 	Pulse height modulator. 

















Figure 11.2 Thennisto)' Amplifiers with Differencing Circuit 
APPENDIX III 
DERIVATION OF TOTAL COAXIAL CAPACITANCE AS A FUNCTION OF 
COMPONENT CAPACITOR LENGTH (SECTION 4.2) 
Derive 
CT = KT 'water + K3 	 4.5 
where CT = total coaxial capacitance of potometer transducer 
1water = meniscus position in potometer transducer 
IK, K3 = constants. 
(1) 
1 




Let Cwater = Kwater 1water 
where Kwater 	
2 water cO
= = a constant 	(... from 4.4) 
In (b/a) 
Let Cg i ass = Kgiass 1water 
2glass e0 	= 
where Kglass 	
in (b/a) 	






	Kwater Kgiass( l wate r) 
(Kwater + K glass y ' water 
water Kglass 
Let K1 = 	 _ 
water + Kglass 
=>c 	= 	 •.. 111.1 
(ii) 
C 	




+CI air 	glass 
Let Cair = Kair(X - 1 water 
where Kair = 	
r Co 
a constant 	 (... from 4.4) 
In (b/a) 
x = length of transducer 
Let C glass = Kgiass(X - ' water ) 	 (... from 4.4) 
Then 
C2 
Kair Kgi ass  (X - l water)  2 
= 	 _ 
(K 
air 	glass )(x 
K 	- 1water 
Let K2 =  
K 
Kair Kgiass 
air + Kglass 
=> C 2 = K2(x - ' water 	 111.2 
r 
(iii) 	Now, 
CT = C 1 + C 2 	 •• 4.1 
Therefore, (eqns 111.1 and 111.2) 
C 1 = K1 1water + K 2  (x - 'water )  
= (K1 - K2)lwater + K 2 x 
Let KT = K 1 - K2 
K3 = K2x 
1:u 
=> C1 = K1 'water + K 3 	 ... 	111.3 
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APPENDIX IV 
DESCRIPTION OF CAPACITANCE MEASURING CIRCUIT (SECTION 4.3 
The following description is based on the 'Signetics 
555 Tinier' handbook (1973). 
The oscillator and timer stages of the measurement 
system (Fiqure 4.5) are based on the 'Signetics 555 timing 
circuit' (Figure IV.l) 
In the oscillator stage the circuit is connected as shown 
in Figure IV.2. 	The compensating capacitor, C, charges 
through RA  and  RB  and discharges through RB  only. 	The duty 
cycle is thus set by the ratio of these two resistors. 
Capacitor, Cc  charges and discharges between 	Vcc  and 	Vc 
The charge time (output high) is given by 
t 1  = 0.685 (RA + RB)C 
and the discharge time (outDut low) by 
t 	= 0.685 (RB)c. 
Thus the total period, -r , is given by 
T = t 1 +t2 
= 0.685 (RA + 2RB)C 
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The frequency, f, of oscillation is then 
1.46 
(RA + 2RB)C 
	
I 
and the duty cycle, D 
R 
D= 	B 
RA + 2RB 
In the timer stage (Figure IV.3 ), the sensing capacitor, 
C, is initially held discharaed by a transistor inside the 
timer. 	Upon aoplication of a negative trigger pulse to pin 2, 
the flip-flop is set which releases the short circuit across 
C and drives the output high. 	The voltage across the 
capacitor, C, increases exponentially until it is equal to 
4 V, at which time the comparator resets the flip-flop, which 
in turn discharges C rapidly and drives the output low. 	The 
time, T, for which the timer output is high is given by 
I = 1.1 RAC 
Circuit values of a tested capacitance to voltage 
converter are given in Figure IV.4along with oscillator and 
timer waveforms appropriate to the capacitance range of the 











VCC control voltage 
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- 	 output 	 ground 
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Figure IV.l 	Block Diagram '555' Timing Circuit 




Figure IV-2 	Diagram of '555' Circuit Connections 





Figure IV.3 	Diagram of '555' Circuit Connections 






• Figure IV.4 	Capacitance to Voltage Converter with Schmitt 
Trigger for Control of Solenoid L 
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oscillator 
_ 	 I 
1t2=l3iis 
I 	 I 
= 164 ps 
oscillator 
timer 
Tmax = 156 ps 
- 
I 	 I 
I I min = 26 ps 
F-i 
- U 2'222222f 
Figure IV.5 	'555' Oscillator and Tinier Waveforms; 
Capacitance Values Appropriate to the Transducer 
of Section 4.2 (Figure 4.2) 
Circuit Values 
Oscillator - RA = iN 	Timer - RA = 470 k 
RB = 100k Cmin = 50 pF 
Cc = 200 pF 	Cmax = 300 pF 
S 
APPENDIX V 
'SCHMITT TRIGGER' CIRCUIT FOR CONTROL OF SOLENOID-OPERATED 
VALVE (SECTION 4.4) 
Circuit description based on 'Integrated Electronics', 
Millman and Halkias (1972). 
Let the output voltage, V 0 , of the capacitance to voltage 
converter (Section 4.3) be the input voltage v i at the inverting 
terminal of the regenerative comparator (Figure V.1 ). 	Let vf 
denote the feedback voltage at the non-inverting terminal. 
When (Figure V.1 ), v. < Vf s then vo = +V and 
R1VR 	R2 Vs 
= 	 + 	 = Vi 
R 1 
 + R 2 	R1 -i-R2 
If vi is now increased, then v o remains constant at +V 
and, v  = V 1 = a constant, until v i = V 1 . At this critical 
voltage, the output v o switches to -V and remains at this 
value for as long as v i > V 1 . 	The voltage \)f at the non- 
inverting terminal f or v i > V 	is 
R1VR 	R2 VS
Vf 	V2 
R 1 +R2 	R 1 
 + R 2 
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The voltage hyteresis VH  is equal to the difference between 








V 2 	V1 
Figure V.1 	Schmitt Trigger with Circuit Values 
(6.69 V < v < 8.49 V; VH 	0.5 cc) 













1.8 V H 0.5 cc 
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2 R2Vs 
V 	= V i - V 2 = 
R 1 + R2 
In the automated potometer of Chapter 4, the critical 
voltages, V 1 and V 2 are chosen such that the voltage 
hysteresis VH  is equivalent to the desired volume uptake by 
the potometer plant. 	This is effected by having a variable 
resistor R 2 in the comparator circuit (Figure IV.4). 
APPENDIX VI 
ESTABLISHMENT OF POTOMETER PLANTS 
Where a shoot system is to be excised from its root, 
it is important to minimise the possibility of air entering 
the xylem tissue. 	This is achieved by 
(1) 	Cutting the stem with a clean scalpel or 
saw blade under water. 
Immersing the cut shoot base immediately in a 
container of clean water and removing any 
debris from the cut end. 
Transferring the cut shoot base from the clean 
container water to that of the potometer. 	It is 
important that the cut base remains thoroughly 
wet throughout. 
Having established the shoot system in the potometer it 
is then necessary to check 
that the sensing meniscus is in its operative 
range, such that (C mm . 	s C 	max ' C 	', Chapter 4; 
that the voltage hysteresis VH  is equivalent to 
a desired volume change. 	This is readily 
achieved by using a calibrated syringe and, if 
necessary, by adjusting the variable resistance 




APPLICATIONS OF CAPACITANCE MEASUREMENT SYSTEM 
The measurement of electrical capacitance is a particularly 
useful research tool in environmental studies of moisture 
content and liquid level. 	However, the temperature, dependence 
of the capacitance signal has been variously ignored by certain 
workers (e.g. Clymo & Gregory, 1975; Lucas, Stephens, Dawes & 
Casey, 1976) and has rendered the data of thers (e.g. Reid & 
Desjardins, 1976) relevant to one temperature alone. 
The temperature compensated capacitance measurement system 
described in this thesis, has potential application in a number 
of environmental studies. 	Investigations have been carried 
out with regard to its application in rainfall gauges (Ford & 
Jordan, personal communication) and in monitoring food (seed) 
level in animal behaviour studies (Macleod, personal 
communication). 	In both instances the capacitive transducers 
have been similar to those of the automated potometer. 
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